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Despite this intense effort, DM has so far proven elusive. In the
coming years, direct and indirect detection will reach new levels
of sensitivity, and the LHC will be operating at 13 TeV center-of-
mass energy after a very successful 8 TeV run. These upcoming
experiments will provide crucial tests of our ideas about DM,
and have great potential to revolutionize our understanding of its
nature.

Dedicated searches for DM candidates represent an integral
part of the physics programme at the LHC. The minimal experi-
mental signature of DM production at a hadron collider consists
of an excess of events with a single final-state object X recoiling
against large amounts of missing transverse momentum or energy
(/ET ). In Run I of the LHC, the ATLAS and CMS collaborations have
examined a variety of such ‘‘mono-X ’’ signatures involving jets of
hadrons, gauge bosons, top and bottom quarks as well as the Higgs
boson in the final state. A second class of /ET signatures that has
been studied in depth arises from the production of ‘‘partner’’ par-
ticles that decay to DM and Standard Model (SM) particles, which
usually leads to rather complex final states (for a review of the ex-
perimental status after LHC Run I, see for instance [2]).

In order to interpret the cross section limits obtained from the
LHC /ET searches, and to relate these bounds to the constraints
that derive from direct and indirect detection, one needs a theory
of DM. In fact, as illustrated in Fig. 1, one can construct not just
one, but a large number of qualitatively different DM models.
Collectively these models populate the ‘‘theory space’’ of all
possible realizations of physics beyond the SM with a particle that
is a viable DM candidate. Themembers of this theory space fall into
three distinct classes:

(I) On the simple end of the spectrum, we have theories
where the DM may be the only accessible state to our
experiments. In such a case, effective field theory (EFT)
allows us to describe the DM–SM interactions mediated by
all kinematically inaccessible particles in a universal way. The
DM–EFT approach [3–10] has proven to be very useful in the
analysis of LHCRun I data, because it allows to derive stringent
bounds on the ‘‘new-physics’’ scale ⇤ that suppresses the
higher-dimensional operators. Since for each operator a single
parameter encodes the information on all the heavy states of
the dark sector, comparing LHC bounds to the limits following
from direct and indirect DM searches is straightforward in the
context of DM–EFTs.

(II) The large energies accessible at the LHC call into question
the momentum expansion underlying the EFT approximation
[6,10–17], and we can expand our level of detail toward
simplified DM models (for early proposals see for example
[18–23]). Such models are characterized by the most impor-
tant statemediating the DMparticle interactions with the SM,
as well as the DM particle itself. Unlike the DM–EFTs, simpli-
fiedmodels are able to describe correctly the full kinematics of
DM production at the LHC, because they resolve the EFT con-
tact interactions into single-particle s-channel or t-channel
exchanges. This comes with the price that they typically in-
volve not just one, but a handful of parameters that charac-
terize the dark sector and its coupling to the visible sector.

(III) While simplified models capture some set of signals accu-
rately at LHC energies (and beyond), they are likely to miss
important correlations between observables. Complete DM
models close this gap by addingmore particles to the SM,most
of which are not suitable DM candidates. The classical exam-
ple is theMinimal Supersymmetric SM (MSSM), inwhich each
SM particle gets its own superpartner and the DM candidate,
the neutralino, is a weakly interacting massive particle. Rea-
sonable phenomenological models in this class have of order
20 parameters, leading to varied visions of DM. At the same

Fig. 1. Artistic view of the DM theory space. See text for detailed explanations.

time, they build-in correlations from symmetry-enforcing re-
lations among couplings, that would look like random acci-
dents in a simplified model description. Complete DMmodels
can in principle answer any question satisfactorily, but one
might worry that their structure is so rich that it is impossi-
ble to determine unambiguously the underlying new dynam-
ics from a finite amount of data (‘‘inverse problem’’) [24].

Given our ignorance of the portal(s) between the dark sector
and the SM, it is important that we explore all possibilities that
the DM theory space has to offer. While the three frameworks
discussed above have their own pros and cons, they are all well-
motivated, interesting, and each could, on its own, very well lead
to breakthroughs in our understanding of DM. Ignoring whole
‘‘continents’’ of the DM theory landscape at Run II, say EFTs, would
be shortsighted, and might well make it impossible to exploit the
full LHC potential as a DM discovery machine.

In recent years, a lot of progress has beenmade in exploring and
understanding both DM–EFTs and a variety of complete models.
The same cannot (yet) be said about simplified models that bridge
between the two ends of the spectrum in theory space. Following
the spirit of [25,26], we attempt in this document to lay the
theoretical groundwork that should be useful for the DM@LHC
practitioner. We begin in Section 2 by discussing the general
criteria that a simplified DM model should fulfill to make it useful
at the LHC. This section contains in addition an explanation of
the concept of Minimal Flavor Violation (MFV) [27–30] and its
importance to model building as well as a brief note on the
relevance of the spin of theDMparticle for LHC searches. Simplified
spin-0 s-channel models are then described in Section 3. Since
these scenarios can be understood as limiting cases of Higgs
portal models, we provide in Section 4 a summary of the most
important representatives of these theories. Section 5 is devoted
to simplified spin-1 s-channel models, while Section 6 deals with
t-channel scenarios. To make the work self-contained, we not only
discuss the LHC phenomenology of each simplified model, but
also provide the relevant formulas to analyze the constraints from
direct detection and annihilation of DM. We conclude and provide
an outlook in Section 7.

2. Criteria for simplified models

For a simplified DM model to be useful at the LHC, it should
fulfill the following three criteria: (i) it should be simple enough to
forma credible unitwithin amore complicatedmodel; (ii) it should
be complete enough to be able to describe accurately the relevant
physics phenomena at the energies that can be probed at the LHC;
(iii) by construction it should satisfy all non high-pT constraints in
most of its parameter space.

One way to guarantee that these three criteria are met consists
in putting the following requirements/restrictions on the particle
content and the interactions of the simplified model:
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Despite this intense effort, DM has so far proven elusive. In the
coming years, direct and indirect detection will reach new levels
of sensitivity, and the LHC will be operating at 13 TeV center-of-
mass energy after a very successful 8 TeV run. These upcoming
experiments will provide crucial tests of our ideas about DM,
and have great potential to revolutionize our understanding of its
nature.

Dedicated searches for DM candidates represent an integral
part of the physics programme at the LHC. The minimal experi-
mental signature of DM production at a hadron collider consists
of an excess of events with a single final-state object X recoiling
against large amounts of missing transverse momentum or energy
(/ET ). In Run I of the LHC, the ATLAS and CMS collaborations have
examined a variety of such ‘‘mono-X ’’ signatures involving jets of
hadrons, gauge bosons, top and bottom quarks as well as the Higgs
boson in the final state. A second class of /ET signatures that has
been studied in depth arises from the production of ‘‘partner’’ par-
ticles that decay to DM and Standard Model (SM) particles, which
usually leads to rather complex final states (for a review of the ex-
perimental status after LHC Run I, see for instance [2]).

In order to interpret the cross section limits obtained from the
LHC /ET searches, and to relate these bounds to the constraints
that derive from direct and indirect detection, one needs a theory
of DM. In fact, as illustrated in Fig. 1, one can construct not just
one, but a large number of qualitatively different DM models.
Collectively these models populate the ‘‘theory space’’ of all
possible realizations of physics beyond the SM with a particle that
is a viable DM candidate. Themembers of this theory space fall into
three distinct classes:

(I) On the simple end of the spectrum, we have theories
where the DM may be the only accessible state to our
experiments. In such a case, effective field theory (EFT)
allows us to describe the DM–SM interactions mediated by
all kinematically inaccessible particles in a universal way. The
DM–EFT approach [3–10] has proven to be very useful in the
analysis of LHCRun I data, because it allows to derive stringent
bounds on the ‘‘new-physics’’ scale ⇤ that suppresses the
higher-dimensional operators. Since for each operator a single
parameter encodes the information on all the heavy states of
the dark sector, comparing LHC bounds to the limits following
from direct and indirect DM searches is straightforward in the
context of DM–EFTs.

(II) The large energies accessible at the LHC call into question
the momentum expansion underlying the EFT approximation
[6,10–17], and we can expand our level of detail toward
simplified DM models (for early proposals see for example
[18–23]). Such models are characterized by the most impor-
tant statemediating the DMparticle interactions with the SM,
as well as the DM particle itself. Unlike the DM–EFTs, simpli-
fiedmodels are able to describe correctly the full kinematics of
DM production at the LHC, because they resolve the EFT con-
tact interactions into single-particle s-channel or t-channel
exchanges. This comes with the price that they typically in-
volve not just one, but a handful of parameters that charac-
terize the dark sector and its coupling to the visible sector.

(III) While simplified models capture some set of signals accu-
rately at LHC energies (and beyond), they are likely to miss
important correlations between observables. Complete DM
models close this gap by addingmore particles to the SM,most
of which are not suitable DM candidates. The classical exam-
ple is theMinimal Supersymmetric SM (MSSM), inwhich each
SM particle gets its own superpartner and the DM candidate,
the neutralino, is a weakly interacting massive particle. Rea-
sonable phenomenological models in this class have of order
20 parameters, leading to varied visions of DM. At the same

Fig. 1. Artistic view of the DM theory space. See text for detailed explanations.

time, they build-in correlations from symmetry-enforcing re-
lations among couplings, that would look like random acci-
dents in a simplified model description. Complete DMmodels
can in principle answer any question satisfactorily, but one
might worry that their structure is so rich that it is impossi-
ble to determine unambiguously the underlying new dynam-
ics from a finite amount of data (‘‘inverse problem’’) [24].

Given our ignorance of the portal(s) between the dark sector
and the SM, it is important that we explore all possibilities that
the DM theory space has to offer. While the three frameworks
discussed above have their own pros and cons, they are all well-
motivated, interesting, and each could, on its own, very well lead
to breakthroughs in our understanding of DM. Ignoring whole
‘‘continents’’ of the DM theory landscape at Run II, say EFTs, would
be shortsighted, and might well make it impossible to exploit the
full LHC potential as a DM discovery machine.

In recent years, a lot of progress has beenmade in exploring and
understanding both DM–EFTs and a variety of complete models.
The same cannot (yet) be said about simplified models that bridge
between the two ends of the spectrum in theory space. Following
the spirit of [25,26], we attempt in this document to lay the
theoretical groundwork that should be useful for the DM@LHC
practitioner. We begin in Section 2 by discussing the general
criteria that a simplified DM model should fulfill to make it useful
at the LHC. This section contains in addition an explanation of
the concept of Minimal Flavor Violation (MFV) [27–30] and its
importance to model building as well as a brief note on the
relevance of the spin of theDMparticle for LHC searches. Simplified
spin-0 s-channel models are then described in Section 3. Since
these scenarios can be understood as limiting cases of Higgs
portal models, we provide in Section 4 a summary of the most
important representatives of these theories. Section 5 is devoted
to simplified spin-1 s-channel models, while Section 6 deals with
t-channel scenarios. To make the work self-contained, we not only
discuss the LHC phenomenology of each simplified model, but
also provide the relevant formulas to analyze the constraints from
direct detection and annihilation of DM. We conclude and provide
an outlook in Section 7.

2. Criteria for simplified models

For a simplified DM model to be useful at the LHC, it should
fulfill the following three criteria: (i) it should be simple enough to
forma credible unitwithin amore complicatedmodel; (ii) it should
be complete enough to be able to describe accurately the relevant
physics phenomena at the energies that can be probed at the LHC;
(iii) by construction it should satisfy all non high-pT constraints in
most of its parameter space.

One way to guarantee that these three criteria are met consists
in putting the following requirements/restrictions on the particle
content and the interactions of the simplified model:
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Despite this intense effort, DM has so far proven elusive. In the
coming years, direct and indirect detection will reach new levels
of sensitivity, and the LHC will be operating at 13 TeV center-of-
mass energy after a very successful 8 TeV run. These upcoming
experiments will provide crucial tests of our ideas about DM,
and have great potential to revolutionize our understanding of its
nature.

Dedicated searches for DM candidates represent an integral
part of the physics programme at the LHC. The minimal experi-
mental signature of DM production at a hadron collider consists
of an excess of events with a single final-state object X recoiling
against large amounts of missing transverse momentum or energy
(/ET ). In Run I of the LHC, the ATLAS and CMS collaborations have
examined a variety of such ‘‘mono-X ’’ signatures involving jets of
hadrons, gauge bosons, top and bottom quarks as well as the Higgs
boson in the final state. A second class of /ET signatures that has
been studied in depth arises from the production of ‘‘partner’’ par-
ticles that decay to DM and Standard Model (SM) particles, which
usually leads to rather complex final states (for a review of the ex-
perimental status after LHC Run I, see for instance [2]).

In order to interpret the cross section limits obtained from the
LHC /ET searches, and to relate these bounds to the constraints
that derive from direct and indirect detection, one needs a theory
of DM. In fact, as illustrated in Fig. 1, one can construct not just
one, but a large number of qualitatively different DM models.
Collectively these models populate the ‘‘theory space’’ of all
possible realizations of physics beyond the SM with a particle that
is a viable DM candidate. Themembers of this theory space fall into
three distinct classes:

(I) On the simple end of the spectrum, we have theories
where the DM may be the only accessible state to our
experiments. In such a case, effective field theory (EFT)
allows us to describe the DM–SM interactions mediated by
all kinematically inaccessible particles in a universal way. The
DM–EFT approach [3–10] has proven to be very useful in the
analysis of LHCRun I data, because it allows to derive stringent
bounds on the ‘‘new-physics’’ scale ⇤ that suppresses the
higher-dimensional operators. Since for each operator a single
parameter encodes the information on all the heavy states of
the dark sector, comparing LHC bounds to the limits following
from direct and indirect DM searches is straightforward in the
context of DM–EFTs.

(II) The large energies accessible at the LHC call into question
the momentum expansion underlying the EFT approximation
[6,10–17], and we can expand our level of detail toward
simplified DM models (for early proposals see for example
[18–23]). Such models are characterized by the most impor-
tant statemediating the DMparticle interactions with the SM,
as well as the DM particle itself. Unlike the DM–EFTs, simpli-
fiedmodels are able to describe correctly the full kinematics of
DM production at the LHC, because they resolve the EFT con-
tact interactions into single-particle s-channel or t-channel
exchanges. This comes with the price that they typically in-
volve not just one, but a handful of parameters that charac-
terize the dark sector and its coupling to the visible sector.

(III) While simplified models capture some set of signals accu-
rately at LHC energies (and beyond), they are likely to miss
important correlations between observables. Complete DM
models close this gap by addingmore particles to the SM,most
of which are not suitable DM candidates. The classical exam-
ple is theMinimal Supersymmetric SM (MSSM), inwhich each
SM particle gets its own superpartner and the DM candidate,
the neutralino, is a weakly interacting massive particle. Rea-
sonable phenomenological models in this class have of order
20 parameters, leading to varied visions of DM. At the same

Fig. 1. Artistic view of the DM theory space. See text for detailed explanations.

time, they build-in correlations from symmetry-enforcing re-
lations among couplings, that would look like random acci-
dents in a simplified model description. Complete DMmodels
can in principle answer any question satisfactorily, but one
might worry that their structure is so rich that it is impossi-
ble to determine unambiguously the underlying new dynam-
ics from a finite amount of data (‘‘inverse problem’’) [24].

Given our ignorance of the portal(s) between the dark sector
and the SM, it is important that we explore all possibilities that
the DM theory space has to offer. While the three frameworks
discussed above have their own pros and cons, they are all well-
motivated, interesting, and each could, on its own, very well lead
to breakthroughs in our understanding of DM. Ignoring whole
‘‘continents’’ of the DM theory landscape at Run II, say EFTs, would
be shortsighted, and might well make it impossible to exploit the
full LHC potential as a DM discovery machine.

In recent years, a lot of progress has beenmade in exploring and
understanding both DM–EFTs and a variety of complete models.
The same cannot (yet) be said about simplified models that bridge
between the two ends of the spectrum in theory space. Following
the spirit of [25,26], we attempt in this document to lay the
theoretical groundwork that should be useful for the DM@LHC
practitioner. We begin in Section 2 by discussing the general
criteria that a simplified DM model should fulfill to make it useful
at the LHC. This section contains in addition an explanation of
the concept of Minimal Flavor Violation (MFV) [27–30] and its
importance to model building as well as a brief note on the
relevance of the spin of theDMparticle for LHC searches. Simplified
spin-0 s-channel models are then described in Section 3. Since
these scenarios can be understood as limiting cases of Higgs
portal models, we provide in Section 4 a summary of the most
important representatives of these theories. Section 5 is devoted
to simplified spin-1 s-channel models, while Section 6 deals with
t-channel scenarios. To make the work self-contained, we not only
discuss the LHC phenomenology of each simplified model, but
also provide the relevant formulas to analyze the constraints from
direct detection and annihilation of DM. We conclude and provide
an outlook in Section 7.

2. Criteria for simplified models

For a simplified DM model to be useful at the LHC, it should
fulfill the following three criteria: (i) it should be simple enough to
forma credible unitwithin amore complicatedmodel; (ii) it should
be complete enough to be able to describe accurately the relevant
physics phenomena at the energies that can be probed at the LHC;
(iii) by construction it should satisfy all non high-pT constraints in
most of its parameter space.

One way to guarantee that these three criteria are met consists
in putting the following requirements/restrictions on the particle
content and the interactions of the simplified model:
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2. The Inert Doublet Model 
with discrete Z2 parity
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2.1 Mass degeneracies of the IDM
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the inert doublet model. This model is easily doable with
analytic calculations, its parameter space is relatively small,
and it can be strongly constrained by the present and future
data. The model leads to a variety of collider signatures,
and, in spite of many years of investigation, not all of them
have yet been fully and properly explored. It is the goal of
the present paper to investigate in fine detail the present
constraints and the impact of the future LHC and DD DM
data on the parameter space of this model.
The i2HDM [24–27] is a minimalistic extension of the

SM with a second scalar doublet ϕ2 possessing the same
quantum numbers as the SM Higgs doublet ϕ1 but with no
direct coupling to fermions (the inert doublet). This
construction is protected by the discrete Z2 symmetry
under which ϕ2 is odd and all the other fields are even.
The scalar Lagrangian is

L ¼ jDμϕ1j2 þ jDμϕ2j2 − Vðϕ1;ϕ2Þ ð1Þ

with the potential V containing all scalar interactions
compatible with the Z2 symmetry,

V ¼ −m2
1ðϕ

†
1ϕ1Þ −m2
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†
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All free parameters here are real,1 which precludes the CP
violation in the scalar sector. There is a large part of the
parameter space in which only the first, SM-like doublet
acquires the vacuum expectation value (VEV). In the
notation hϕ0

i i ¼ vi=
ffiffiffi
2

p
, this inert minimum corresponds

to v1 ¼ v, v2 ¼ 0. In the unitary gauge, the doublets are
expanded near the minimum as

ϕ1 ¼
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The Z2 symmetry is still conserved by the vacuum state,
which forbids direct coupling of any single inert field to the
SM fields, and it stabilizes the lightest inert boson against
decay. Pairwise interactions of the inert scalars with the
gauge bosons and with the SM-like Higgs H are still
possible, which gives rise to various i2HDM signatures at
colliders and in the DM detection experiments.
The idea that the symmetry-protected second Higgs

doublet naturally produces a scalar dark matter candidate
was first mentioned more that 30 years ago [24]. However,
the real interest in phenomenological consequences of the
i2HDM woke up in mid-2000 and intensified in the past

few years. Its simplicity, predictive power, rich yet man-
ageable parameter space, makes it an ideal playground for
checking its compatibility with the DM relic density, with
the results of the direct and indirect DM searches, and with
collider searches of various BSM signals.
Assuming that the lightest inert scalar is the only DM

candidate, one typically finds that the low-mass region,
below about 50 GeV, is excluded by the relic density
constraints coupled with the LHC constraints on the
invisible Higgs decay [28–30]. The funnel region, with
the DM mass close to MH=2, the intermediate, 100–
500 GeV, and the high mass regions are still compatible
with data and lead to interesting predictions at colliders.
Additional theoretical constraints on the parameter space
and DM candidate properties can be deduced from assump-
tions of full stability of the i2HDM up to the PLANCK
scale [31,32] or of multidoublet Higgs inflation [33]. The
i2HDM can also produce signals for direct [34] and indirect
DM search experiments via heavy inert scalar annihilation,
which can be detectable via γ rays [35–37] or via its
neutrino [38,39] and cosmic-ray signals [40].
The i2HDM can also have interesting cosmological

consequences. Being an example of 2HDM, it possesses
a rich vacuum structure, which evolves at high temper-
atures [41–43]. This opens up the possibility within
i2HDM that the early Universe, while cooling down, went
through a sequence of phase transitions including strong
first-order phase transitions [44–50]. Such analyses are
capable of restricting the parameter space; for example, the
recent study [50] showed that combining the strong first-
order phase transition with other astroparticle and collider
constraints gives preference to the funnel region.
There has also been a number of studies on collider

signatures of the i2HDM. They focus on specific processes
such as SM-like Higgs decays to γγ and γZ [28,51–53],
multilepton production plus missing transverse momentum
(Emiss

T ) [54–56] with as many as five leptons [57], dijetþ
Emiss
T [58], and dileptons accompanied with dijets [56].

Other works present combined analyses of astroparticle and
collider constraints [29,57,59–62]. Comparing the i2HDM
predictions with the electroweak precision data, the mea-
sured SM-like Higgs properties, the nonobservation of
long-lived charged particles and other exotic signals, and
finally the astroparticle observations, allows one to sig-
nificantly restrict the i2HDM parameter space. The recent
analysis [29] gave a detailed account of these constraints.
For specific benchmark points or benchmark planes in the
surviving parameter space, it predicted the cross section of
pair production of inert scalars followed by various modes
of their decay. As for the specific signatures of the i2HDM
at the LHC, dileptons and mono-Z signals were mentioned.
An earlier analysis [60] investigated multilepton, multijet,
mono-Z, and several channels for the monojet with large
Emiss
T . Reference [59] took into account one-loop correc-

tions to the masses and, for a part of the numerical scans,

1Even if we started with a complex λ5, we could redefine the
second doublet via a global phase rotation, which would render λ5
real without affecting any other part of the Lagrangian.
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The Z2 symmetry is still conserved by the vacuum state,
which forbids direct coupling of any single inert field to the
SM fields, and it stabilizes the lightest inert boson against
decay. Pairwise interactions of the inert scalars with the
gauge bosons and with the SM-like Higgs H are still
possible, which gives rise to various i2HDM signatures at
colliders and in the DM detection experiments.
The idea that the symmetry-protected second Higgs

doublet naturally produces a scalar dark matter candidate
was first mentioned more that 30 years ago [24]. However,
the real interest in phenomenological consequences of the
i2HDM woke up in mid-2000 and intensified in the past

few years. Its simplicity, predictive power, rich yet man-
ageable parameter space, makes it an ideal playground for
checking its compatibility with the DM relic density, with
the results of the direct and indirect DM searches, and with
collider searches of various BSM signals.
Assuming that the lightest inert scalar is the only DM

candidate, one typically finds that the low-mass region,
below about 50 GeV, is excluded by the relic density
constraints coupled with the LHC constraints on the
invisible Higgs decay [28–30]. The funnel region, with
the DM mass close to MH=2, the intermediate, 100–
500 GeV, and the high mass regions are still compatible
with data and lead to interesting predictions at colliders.
Additional theoretical constraints on the parameter space
and DM candidate properties can be deduced from assump-
tions of full stability of the i2HDM up to the PLANCK
scale [31,32] or of multidoublet Higgs inflation [33]. The
i2HDM can also produce signals for direct [34] and indirect
DM search experiments via heavy inert scalar annihilation,
which can be detectable via γ rays [35–37] or via its
neutrino [38,39] and cosmic-ray signals [40].
The i2HDM can also have interesting cosmological

consequences. Being an example of 2HDM, it possesses
a rich vacuum structure, which evolves at high temper-
atures [41–43]. This opens up the possibility within
i2HDM that the early Universe, while cooling down, went
through a sequence of phase transitions including strong
first-order phase transitions [44–50]. Such analyses are
capable of restricting the parameter space; for example, the
recent study [50] showed that combining the strong first-
order phase transition with other astroparticle and collider
constraints gives preference to the funnel region.
There has also been a number of studies on collider

signatures of the i2HDM. They focus on specific processes
such as SM-like Higgs decays to γγ and γZ [28,51–53],
multilepton production plus missing transverse momentum
(Emiss

T ) [54–56] with as many as five leptons [57], dijetþ
Emiss
T [58], and dileptons accompanied with dijets [56].

Other works present combined analyses of astroparticle and
collider constraints [29,57,59–62]. Comparing the i2HDM
predictions with the electroweak precision data, the mea-
sured SM-like Higgs properties, the nonobservation of
long-lived charged particles and other exotic signals, and
finally the astroparticle observations, allows one to sig-
nificantly restrict the i2HDM parameter space. The recent
analysis [29] gave a detailed account of these constraints.
For specific benchmark points or benchmark planes in the
surviving parameter space, it predicted the cross section of
pair production of inert scalars followed by various modes
of their decay. As for the specific signatures of the i2HDM
at the LHC, dileptons and mono-Z signals were mentioned.
An earlier analysis [60] investigated multilepton, multijet,
mono-Z, and several channels for the monojet with large
Emiss
T . Reference [59] took into account one-loop correc-

tions to the masses and, for a part of the numerical scans,

1Even if we started with a complex λ5, we could redefine the
second doublet via a global phase rotation, which would render λ5
real without affecting any other part of the Lagrangian.
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which forbids direct coupling of any single inert field to the
SM fields, and it stabilizes the lightest inert boson against
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gauge bosons and with the SM-like Higgs H are still
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Assuming that the lightest inert scalar is the only DM
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SM Higgs boson �1 & another Higgs doublet �2

Z2-even

Z2-odd
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Two neutral scalar: h1 & h2

charged scalars: H±
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• No Yukawa coupling b/w new scalars & SM fermions

which generates the EWSB VEV as

v
2 = v

2

1 + v
2

2 ' (246 GeV)2, t� = v2/v1, v1 = vc� , v2 = vs� (0.1)

In the Higgs bases, we define new Higgs doublet fields:

H1 =

 
H

+

1

H
0

1

!
⌘ 1

v
(v1�1 + v2�2) = c��1 + s��2, (0.2)

H2 =

 
H

+

2

H
0

2

!
⌘ 1

v
(�v2�1 + v1�2) = �s��1 + c��2

1



SM Higgs boson H1 & another Higgs doublet H2

Z2-even

Z2-odd

New scalar bosons

CP-even neutral scalar: S

CP-odd neutral pseudo-scalar: A

charged scalars: H±

which generates the EWSB VEV as

v
2 = v

2

1 + v
2

2 ' (246 GeV)2, t� = v2/v1, v1 = vc� , v2 = vs� (0.1)

In the Higgs bases, we define new Higgs doublet fields:

H1 =

 
H

+

1

H
0

1

!
⌘ 1

v
(v1�1 + v2�2) = c��1 + s��2, (0.2)

H2 =

 
H

+

2

H
0

2

!
⌘ 1

v
(�v2�1 + v1�2) = �s��1 + c��2

which leads to hH0

1
i = v and hH0

2
i = 0. The potential becomes

V = Y1H
†
1
H1 + Y2H

†
2
H2 +

⇣
Y3H

†
1
H2 + h.c.

⌘
(0.3)

+
1

2
Z1

⇣
H

†
1
H1

⌘
2

+
1

2
Z2

⇣
H

†
2
H2

⌘
2

+ Z3

⇣
H

†
1
H1

⌘⇣
H

†
2
H2

⌘
+ Z4

⇣
H

†
1
H2

⌘⇣
H

†
2
H1

⌘

+

⇢
1

2
Z5

⇣
H

†
1
H2

⌘
2

+
h
Z6

⇣
H

†
1
H1

⌘
+ Z7

⇣
H

†
2
H2

⌘i
H

†
1
H2 + h.c.

�

2.1 Mass degeneracies of the IDM

We impose an exact discrete Z2 symmetry under which

H1 ! H1, H2 ! �H2. �! Y3 = Z6 = Z7 = 0. (0.4)

1

SM Higgs boson �1 & another Higgs doublet �2

Z2-even

Z2-odd

New scalar bosons

Two neutral scalar: h1 & h2

charged scalars: H±

which generates the EWSB VEV as

v
2 = v

2

1 + v
2

2 ' (246 GeV)2, t� = v2/v1, v1 = vc� , v2 = vs� (0.1)

In the Higgs bases, we define new Higgs doublet fields:

H1 =

 
H

+

1

H
0

1

!
⌘ 1

v
(v1�1 + v2�2) = c��1 + s��2, (0.2)

H2 =

 
H

+

2

H
0

2

!
⌘ 1

v
(�v2�1 + v1�2) = �s��1 + c��2

which leads to hH0

1
i = v and hH0

2
i = 0. The potential becomes

V = Y1H
†
1
H1 + Y2H

†
2
H2 +

⇣
Y3H

†
1
H2 + h.c.

⌘
(0.3)

+
1

2
Z1

⇣
H

†
1
H1

⌘
2

+
1

2
Z2

⇣
H

†
2
H2

⌘
2

+ Z3

⇣
H

†
1
H1

⌘⇣
H

†
2
H2

⌘
+ Z4

⇣
H

†
1
H2

⌘⇣
H

†
2
H1

⌘

+

⇢
1

2
Z5

⇣
H

†
1
H2

⌘
2

+
h
Z6

⇣
H

†
1
H1

⌘
+ Z7

⇣
H

†
2
H2

⌘i
H

†
1
H2 + h.c.

�

2.1 Mass degeneracies of the IDM

We impose an exact discrete Z2 symmetry under which

H1 ! H1, H2 ! �H2. �! Y3 = Z6 = Z7 = 0. (0.4)

Then the potential becomes

V = Y1H
†
1
H1 + Y2H

†
2
H2 (0.5)

+
1

2
Z1

⇣
H

†
1
H1

⌘
2

+
1

2
Z2

⇣
H

†
2
H2

⌘
2

+ Z3

⇣
H

†
1
H1

⌘⇣
H

†
2
H2

⌘
+ Z4

⇣
H

†
1
H2

⌘⇣
H

†
2
H1

⌘

+

⇢
1

2
Z5

⇣
H

†
1
H2

⌘
2

+ h.c.

�
.

1



Masses of the new scalars

included the additional theoretical constraint that the
perturbativity and stability be satisfied up to a large scale
Λ. The version of i2HDM equipped with Peccei-Quinn
Uð1Þ symmetry spontaneously broken to Z2 was inves-
tigated in [62]. Here, dark matter acquires a second
component, the axion, which changes the DM phenom-
enology. It is also possible to hunt for i2HDM at the future
colliders, via searching for new scalars and reconstructing
the potential [63] or by accurately measuring the SM-like
Higgs couplings and deducing patterns of the deviations
from the SM [64].
In the present work, to these many studies on the

i2HDM, we add the following:
(i) detailed combined analysis of the i2HDM model in

its full five-dimensional (5D) parameter space,
taking into account perturbativity and unitarity,
LEP and electroweak precision data, Higgs data
from the LHC, DM relic density, direct/indirect DM
detection complemented by realistic (beyond-the-
parton-level) LHC monojet analysis at the LHC;

(ii) quantitative exploration of the surviving regions of
parameters, including very fine details and a quali-
tatively new region not seen in previous studies,
which is enabled by our extensive numerical scans;

(iii) a combination of different processes giving the LHC
monojet signatures: those with direct DM pair
production and those with associate production of
DM with another scalar with a close mass from the
inert multiplet;

(iv) implication of experimental LHC studies on
disappearing charged tracks relevant to a high
(≃500 GeV) DM mass region;

(v) separate, equally detailed analyses for the assump-
tions of the DM relic density being fitted to the
PLANCKresults or underabundant, allowing thus for
additional allowed regions of the parameter space.

All these points above are in close focus of the present
paper where we have performed a comprehensive scan and
study of the full parameter space of the i2HDM model.
In addition, we have performed an independent implemen-
tation and validation of the model in two gauges including
Higgs-gluon-gluon and Higgs-photon-photon effective
couplings, and we made it public together with the LanHEP
model source.
The paper is organized as follows. In Sec. II we discuss

the i2HDM model parameter space, implementation, theo-
retical constraints, as well as constraints from LEP and
electroweak precision data. In Sec. III we discuss results of
a comprehensive scan of the i2HDM parameter space and
combined constraints considering both the cases when the
relic density is “just right” and agrees with the PLANCK
results and when it is underabundant. In this section we also
present the reach of LHC studies in the high DM mass
region using results on disappearing charged tracks. In
Sec. IV we present results on future projections of the LHC

and DM DD experiments in combination with all previous
constraints. Finally, in Sec. V we draw our conclusions.

II. i2HDM: PARAMETER SPACE, MODEL
IMPLEMENTATION, THEORETICAL AND

EXPERIMENTAL CONSTRAINTS

A. Constraints from the Higgs potential

In order to represent a viable model, the potential (2)
must be bounded from below and must have a neutral, not
charge-breaking, vacuum. The former requirement leads to
the well-known restrictions on the free parameters of the
model,

λ1 > 0; λ2 > 0; 2
ffiffiffiffiffiffiffiffiffi
λ1λ2

p
þ λ3 > 0;

2
ffiffiffiffiffiffiffiffiffi
λ1λ2

p
þ λ3 þ λ4 − jλ5j > 0: ð4Þ

The absence of the charge-breaking vacuum is guaranteed
if one assumes

λ4 − jλ5j < 0: ð5Þ

This is a sufficient but not necessary condition for the
vacuum to be neutral.A neutral vacuumcan also be achieved
for positive λ4 − jλ5jwith appropriatem2

1 andm
2
2. However,

in this case the lightest DM candidate will be the charged
scalar. Condition (5) avoids this situation as well.
Once these restrictions are applied, the vacuum is

neutral, and one can calculate the masses of the physical
Higgs bosons. In addition to the SM-like scalar H, one gets
charged h$ and neutral h1, h2 scalars. It is well known that
the two neutral scalars of the i2HDM have opposite CP
parities, but it is impossible to unambiguously assign which
of them is CP even and which is CP odd. In the absence of
any suitable vertex, the model has two CP symmetries,
h1 → h1, h2 → −h2 and h1 → −h1, h2 → h2, which get
interchanged upon basis change ϕ2 → iϕ2. Either can be
used as the CP symmetry of the model, making the
specification of the CP properties of h1 and h2 a basis
dependent statement. Therefore, we denote the two neutral
inert scalar masses as Mh1 < Mh2 , without specifying
which is scalar and pseudoscalar. The masses of the
physical scalars are

M2
H ¼ 2λ1v2 ¼ 2m2

1; M2
hþ ¼ 1

2
λ3v2 −m2

2;

M2
h1
¼ 1

2
ðλ3 þ λ4 − jλ5jÞv2 −m2
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M2
h2
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2
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2 > M2
h1
: ð6Þ

The mass differences, written as

M2
h2
−M2

h1
¼ jλ5jv2; M2

hþ −M2
h1
¼−ðλ4− jλ5jÞv2=2; ð7Þ

ANATOMY OF THE INERT TWO-HIGGS-DOUBLET MODEL … PHYS. REV. D 97, 035011 (2018)

035011-3



3. Inert Doublet Model 
with U(1)

continuous U(1) symmetry,

not spontaneously broken by the vacuum.

SM Higgs boson �1 & another Higgs doublet �2

Z2-even

Z2-odd

New scalar bosons

Two neutral scalar: h1 & h2

charged scalars: H±

• h1 & h2: opposite CP parities

• Impossible to tell which is CP-even.

• Under CP transformation

h1 ! h1, h2 ! �h2

Under the re-phasing �2 ! i�2

h1 ! �h1, h2 ! h2

• No mixing b/w H and h1,2

• No Yukawa coupling b/w new scalars & SM fermions

which generates the EWSB VEV as

v
2 = v

2

1 + v
2

2 ' (246 GeV)2, t� = v2/v1, v1 = vc� , v2 = vs� (0.1)

In the Higgs bases, we define new Higgs doublet fields:

H1 =

 
H

+

1

H
0

1

!
⌘ 1

v
(v1�1 + v2�2) = c��1 + s��2, (0.2)

H2 =

 
H

+

2

H
0

2

!
⌘ 1

v
(�v2�1 + v1�2) = �s��1 + c��2

1

continuous U(1) symmetry,

not spontaneously broken by the vacuum.

�1 ! �1, �2 ! e
i✓
�2

SM Higgs boson �1 & another Higgs doublet �2

Z2-even

Z2-odd

New scalar bosons

Two neutral scalar: h1 & h2

charged scalars: H±

• h1 & h2: opposite CP parities

• Impossible to tell which is CP-even.

• Under CP transformation

h1 ! h1, h2 ! �h2

Under the re-phasing �2 ! i�2

h1 ! �h1, h2 ! h2

• No mixing b/w H and h1,2

• No Yukawa coupling b/w new scalars & SM fermions

which generates the EWSB VEV as

v
2 = v

2

1 + v
2

2 ' (246 GeV)2, t� = v2/v1, v1 = vc� , v2 = vs� (0.1)

1

J
H
E
P
0
1
(
2
0
1
9
)
0
4
2

Published for SISSA by Springer

Received: August 30, 2018

Revised: November 23, 2018

Accepted: November 28, 2018

Published: January 4, 2019

Symmetries and mass degeneracies in the scalar sector

Howard E. Haber,a O.M. Ogreid,b P. Oslandc and M.N. Rebelod

aSanta Cruz Institute for Particle Physics, Santa Cruz, CA 95064, U.S.A.
bWestern Norway University of Applied Sciences, Postboks 7030, N-5020 Bergen, Norway
cDepartment of Physics and Technology, University of Bergen,
Postboks 7803, N-5020 Bergen, Norway

dDepartamento de F́ısica and Centro de F́ısica Teórica de Part́ıculas (CFTP),
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The scalar potential allowed by U(1) symmetry 

the inert doublet model. This model is easily doable with
analytic calculations, its parameter space is relatively small,
and it can be strongly constrained by the present and future
data. The model leads to a variety of collider signatures,
and, in spite of many years of investigation, not all of them
have yet been fully and properly explored. It is the goal of
the present paper to investigate in fine detail the present
constraints and the impact of the future LHC and DD DM
data on the parameter space of this model.
The i2HDM [24–27] is a minimalistic extension of the

SM with a second scalar doublet ϕ2 possessing the same
quantum numbers as the SM Higgs doublet ϕ1 but with no
direct coupling to fermions (the inert doublet). This
construction is protected by the discrete Z2 symmetry
under which ϕ2 is odd and all the other fields are even.
The scalar Lagrangian is

L ¼ jDμϕ1j2 þ jDμϕ2j2 − Vðϕ1;ϕ2Þ ð1Þ

with the potential V containing all scalar interactions
compatible with the Z2 symmetry,

V ¼ −m2
1ðϕ

†
1ϕ1Þ −m2

2ðϕ
†
2ϕ2Þ þ λ1ðϕ†

1ϕ1Þ2 þ λ2ðϕ†
2ϕ2Þ2

þ λ3ðϕ†
1ϕ1Þðϕ†

2ϕ2Þ þ λ4ðϕ†
2ϕ1Þðϕ†

1ϕ2Þ

þ λ5
2
½ðϕ†

1ϕ2Þ2 þ ðϕ†
2ϕ1Þ2&: ð2Þ

All free parameters here are real,1 which precludes the CP
violation in the scalar sector. There is a large part of the
parameter space in which only the first, SM-like doublet
acquires the vacuum expectation value (VEV). In the
notation hϕ0

i i ¼ vi=
ffiffiffi
2

p
, this inert minimum corresponds

to v1 ¼ v, v2 ¼ 0. In the unitary gauge, the doublets are
expanded near the minimum as

ϕ1 ¼
1ffiffiffi
2

p
"

0

vþH

#
; ϕ2 ¼

1ffiffiffi
2

p
" ffiffiffi

2
p

hþ

h1 þ ih2

#
: ð3Þ

The Z2 symmetry is still conserved by the vacuum state,
which forbids direct coupling of any single inert field to the
SM fields, and it stabilizes the lightest inert boson against
decay. Pairwise interactions of the inert scalars with the
gauge bosons and with the SM-like Higgs H are still
possible, which gives rise to various i2HDM signatures at
colliders and in the DM detection experiments.
The idea that the symmetry-protected second Higgs

doublet naturally produces a scalar dark matter candidate
was first mentioned more that 30 years ago [24]. However,
the real interest in phenomenological consequences of the
i2HDM woke up in mid-2000 and intensified in the past

few years. Its simplicity, predictive power, rich yet man-
ageable parameter space, makes it an ideal playground for
checking its compatibility with the DM relic density, with
the results of the direct and indirect DM searches, and with
collider searches of various BSM signals.
Assuming that the lightest inert scalar is the only DM

candidate, one typically finds that the low-mass region,
below about 50 GeV, is excluded by the relic density
constraints coupled with the LHC constraints on the
invisible Higgs decay [28–30]. The funnel region, with
the DM mass close to MH=2, the intermediate, 100–
500 GeV, and the high mass regions are still compatible
with data and lead to interesting predictions at colliders.
Additional theoretical constraints on the parameter space
and DM candidate properties can be deduced from assump-
tions of full stability of the i2HDM up to the PLANCK
scale [31,32] or of multidoublet Higgs inflation [33]. The
i2HDM can also produce signals for direct [34] and indirect
DM search experiments via heavy inert scalar annihilation,
which can be detectable via γ rays [35–37] or via its
neutrino [38,39] and cosmic-ray signals [40].
The i2HDM can also have interesting cosmological

consequences. Being an example of 2HDM, it possesses
a rich vacuum structure, which evolves at high temper-
atures [41–43]. This opens up the possibility within
i2HDM that the early Universe, while cooling down, went
through a sequence of phase transitions including strong
first-order phase transitions [44–50]. Such analyses are
capable of restricting the parameter space; for example, the
recent study [50] showed that combining the strong first-
order phase transition with other astroparticle and collider
constraints gives preference to the funnel region.
There has also been a number of studies on collider

signatures of the i2HDM. They focus on specific processes
such as SM-like Higgs decays to γγ and γZ [28,51–53],
multilepton production plus missing transverse momentum
(Emiss

T ) [54–56] with as many as five leptons [57], dijetþ
Emiss
T [58], and dileptons accompanied with dijets [56].

Other works present combined analyses of astroparticle and
collider constraints [29,57,59–62]. Comparing the i2HDM
predictions with the electroweak precision data, the mea-
sured SM-like Higgs properties, the nonobservation of
long-lived charged particles and other exotic signals, and
finally the astroparticle observations, allows one to sig-
nificantly restrict the i2HDM parameter space. The recent
analysis [29] gave a detailed account of these constraints.
For specific benchmark points or benchmark planes in the
surviving parameter space, it predicted the cross section of
pair production of inert scalars followed by various modes
of their decay. As for the specific signatures of the i2HDM
at the LHC, dileptons and mono-Z signals were mentioned.
An earlier analysis [60] investigated multilepton, multijet,
mono-Z, and several channels for the monojet with large
Emiss
T . Reference [59] took into account one-loop correc-

tions to the masses and, for a part of the numerical scans,

1Even if we started with a complex λ5, we could redefine the
second doublet via a global phase rotation, which would render λ5
real without affecting any other part of the Lagrangian.
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The scalar potential allowed by U(1) symmetry 

the inert doublet model. This model is easily doable with
analytic calculations, its parameter space is relatively small,
and it can be strongly constrained by the present and future
data. The model leads to a variety of collider signatures,
and, in spite of many years of investigation, not all of them
have yet been fully and properly explored. It is the goal of
the present paper to investigate in fine detail the present
constraints and the impact of the future LHC and DD DM
data on the parameter space of this model.
The i2HDM [24–27] is a minimalistic extension of the

SM with a second scalar doublet ϕ2 possessing the same
quantum numbers as the SM Higgs doublet ϕ1 but with no
direct coupling to fermions (the inert doublet). This
construction is protected by the discrete Z2 symmetry
under which ϕ2 is odd and all the other fields are even.
The scalar Lagrangian is

L ¼ jDμϕ1j2 þ jDμϕ2j2 − Vðϕ1;ϕ2Þ ð1Þ

with the potential V containing all scalar interactions
compatible with the Z2 symmetry,

V ¼ −m2
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All free parameters here are real,1 which precludes the CP
violation in the scalar sector. There is a large part of the
parameter space in which only the first, SM-like doublet
acquires the vacuum expectation value (VEV). In the
notation hϕ0
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The Z2 symmetry is still conserved by the vacuum state,
which forbids direct coupling of any single inert field to the
SM fields, and it stabilizes the lightest inert boson against
decay. Pairwise interactions of the inert scalars with the
gauge bosons and with the SM-like Higgs H are still
possible, which gives rise to various i2HDM signatures at
colliders and in the DM detection experiments.
The idea that the symmetry-protected second Higgs

doublet naturally produces a scalar dark matter candidate
was first mentioned more that 30 years ago [24]. However,
the real interest in phenomenological consequences of the
i2HDM woke up in mid-2000 and intensified in the past

few years. Its simplicity, predictive power, rich yet man-
ageable parameter space, makes it an ideal playground for
checking its compatibility with the DM relic density, with
the results of the direct and indirect DM searches, and with
collider searches of various BSM signals.
Assuming that the lightest inert scalar is the only DM

candidate, one typically finds that the low-mass region,
below about 50 GeV, is excluded by the relic density
constraints coupled with the LHC constraints on the
invisible Higgs decay [28–30]. The funnel region, with
the DM mass close to MH=2, the intermediate, 100–
500 GeV, and the high mass regions are still compatible
with data and lead to interesting predictions at colliders.
Additional theoretical constraints on the parameter space
and DM candidate properties can be deduced from assump-
tions of full stability of the i2HDM up to the PLANCK
scale [31,32] or of multidoublet Higgs inflation [33]. The
i2HDM can also produce signals for direct [34] and indirect
DM search experiments via heavy inert scalar annihilation,
which can be detectable via γ rays [35–37] or via its
neutrino [38,39] and cosmic-ray signals [40].
The i2HDM can also have interesting cosmological

consequences. Being an example of 2HDM, it possesses
a rich vacuum structure, which evolves at high temper-
atures [41–43]. This opens up the possibility within
i2HDM that the early Universe, while cooling down, went
through a sequence of phase transitions including strong
first-order phase transitions [44–50]. Such analyses are
capable of restricting the parameter space; for example, the
recent study [50] showed that combining the strong first-
order phase transition with other astroparticle and collider
constraints gives preference to the funnel region.
There has also been a number of studies on collider

signatures of the i2HDM. They focus on specific processes
such as SM-like Higgs decays to γγ and γZ [28,51–53],
multilepton production plus missing transverse momentum
(Emiss

T ) [54–56] with as many as five leptons [57], dijetþ
Emiss
T [58], and dileptons accompanied with dijets [56].

Other works present combined analyses of astroparticle and
collider constraints [29,57,59–62]. Comparing the i2HDM
predictions with the electroweak precision data, the mea-
sured SM-like Higgs properties, the nonobservation of
long-lived charged particles and other exotic signals, and
finally the astroparticle observations, allows one to sig-
nificantly restrict the i2HDM parameter space. The recent
analysis [29] gave a detailed account of these constraints.
For specific benchmark points or benchmark planes in the
surviving parameter space, it predicted the cross section of
pair production of inert scalars followed by various modes
of their decay. As for the specific signatures of the i2HDM
at the LHC, dileptons and mono-Z signals were mentioned.
An earlier analysis [60] investigated multilepton, multijet,
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the inert doublet model. This model is easily doable with
analytic calculations, its parameter space is relatively small,
and it can be strongly constrained by the present and future
data. The model leads to a variety of collider signatures,
and, in spite of many years of investigation, not all of them
have yet been fully and properly explored. It is the goal of
the present paper to investigate in fine detail the present
constraints and the impact of the future LHC and DD DM
data on the parameter space of this model.
The i2HDM [24–27] is a minimalistic extension of the

SM with a second scalar doublet ϕ2 possessing the same
quantum numbers as the SM Higgs doublet ϕ1 but with no
direct coupling to fermions (the inert doublet). This
construction is protected by the discrete Z2 symmetry
under which ϕ2 is odd and all the other fields are even.
The scalar Lagrangian is
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The Z2 symmetry is still conserved by the vacuum state,
which forbids direct coupling of any single inert field to the
SM fields, and it stabilizes the lightest inert boson against
decay. Pairwise interactions of the inert scalars with the
gauge bosons and with the SM-like Higgs H are still
possible, which gives rise to various i2HDM signatures at
colliders and in the DM detection experiments.
The idea that the symmetry-protected second Higgs

doublet naturally produces a scalar dark matter candidate
was first mentioned more that 30 years ago [24]. However,
the real interest in phenomenological consequences of the
i2HDM woke up in mid-2000 and intensified in the past

few years. Its simplicity, predictive power, rich yet man-
ageable parameter space, makes it an ideal playground for
checking its compatibility with the DM relic density, with
the results of the direct and indirect DM searches, and with
collider searches of various BSM signals.
Assuming that the lightest inert scalar is the only DM

candidate, one typically finds that the low-mass region,
below about 50 GeV, is excluded by the relic density
constraints coupled with the LHC constraints on the
invisible Higgs decay [28–30]. The funnel region, with
the DM mass close to MH=2, the intermediate, 100–
500 GeV, and the high mass regions are still compatible
with data and lead to interesting predictions at colliders.
Additional theoretical constraints on the parameter space
and DM candidate properties can be deduced from assump-
tions of full stability of the i2HDM up to the PLANCK
scale [31,32] or of multidoublet Higgs inflation [33]. The
i2HDM can also produce signals for direct [34] and indirect
DM search experiments via heavy inert scalar annihilation,
which can be detectable via γ rays [35–37] or via its
neutrino [38,39] and cosmic-ray signals [40].
The i2HDM can also have interesting cosmological

consequences. Being an example of 2HDM, it possesses
a rich vacuum structure, which evolves at high temper-
atures [41–43]. This opens up the possibility within
i2HDM that the early Universe, while cooling down, went
through a sequence of phase transitions including strong
first-order phase transitions [44–50]. Such analyses are
capable of restricting the parameter space; for example, the
recent study [50] showed that combining the strong first-
order phase transition with other astroparticle and collider
constraints gives preference to the funnel region.
There has also been a number of studies on collider

signatures of the i2HDM. They focus on specific processes
such as SM-like Higgs decays to γγ and γZ [28,51–53],
multilepton production plus missing transverse momentum
(Emiss

T ) [54–56] with as many as five leptons [57], dijetþ
Emiss
T [58], and dileptons accompanied with dijets [56].

Other works present combined analyses of astroparticle and
collider constraints [29,57,59–62]. Comparing the i2HDM
predictions with the electroweak precision data, the mea-
sured SM-like Higgs properties, the nonobservation of
long-lived charged particles and other exotic signals, and
finally the astroparticle observations, allows one to sig-
nificantly restrict the i2HDM parameter space. The recent
analysis [29] gave a detailed account of these constraints.
For specific benchmark points or benchmark planes in the
surviving parameter space, it predicted the cross section of
pair production of inert scalars followed by various modes
of their decay. As for the specific signatures of the i2HDM
at the LHC, dileptons and mono-Z signals were mentioned.
An earlier analysis [60] investigated multilepton, multijet,
mono-Z, and several channels for the monojet with large
Emiss
T . Reference [59] took into account one-loop correc-

tions to the masses and, for a part of the numerical scans,

1Even if we started with a complex λ5, we could redefine the
second doublet via a global phase rotation, which would render λ5
real without affecting any other part of the Lagrangian.
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the inert doublet model. This model is easily doable with
analytic calculations, its parameter space is relatively small,
and it can be strongly constrained by the present and future
data. The model leads to a variety of collider signatures,
and, in spite of many years of investigation, not all of them
have yet been fully and properly explored. It is the goal of
the present paper to investigate in fine detail the present
constraints and the impact of the future LHC and DD DM
data on the parameter space of this model.
The i2HDM [24–27] is a minimalistic extension of the

SM with a second scalar doublet ϕ2 possessing the same
quantum numbers as the SM Higgs doublet ϕ1 but with no
direct coupling to fermions (the inert doublet). This
construction is protected by the discrete Z2 symmetry
under which ϕ2 is odd and all the other fields are even.
The scalar Lagrangian is

L ¼ jDμϕ1j2 þ jDμϕ2j2 − Vðϕ1;ϕ2Þ ð1Þ

with the potential V containing all scalar interactions
compatible with the Z2 symmetry,

V ¼ −m2
1ðϕ

†
1ϕ1Þ −m2

2ðϕ
†
2ϕ2Þ þ λ1ðϕ†

1ϕ1Þ2 þ λ2ðϕ†
2ϕ2Þ2

þ λ3ðϕ†
1ϕ1Þðϕ†

2ϕ2Þ þ λ4ðϕ†
2ϕ1Þðϕ†

1ϕ2Þ

þ λ5
2
½ðϕ†

1ϕ2Þ2 þ ðϕ†
2ϕ1Þ2&: ð2Þ

All free parameters here are real,1 which precludes the CP
violation in the scalar sector. There is a large part of the
parameter space in which only the first, SM-like doublet
acquires the vacuum expectation value (VEV). In the
notation hϕ0

i i ¼ vi=
ffiffiffi
2

p
, this inert minimum corresponds

to v1 ¼ v, v2 ¼ 0. In the unitary gauge, the doublets are
expanded near the minimum as

ϕ1 ¼
1ffiffiffi
2

p
"

0

vþH

#
; ϕ2 ¼

1ffiffiffi
2

p
" ffiffiffi

2
p

hþ

h1 þ ih2

#
: ð3Þ

The Z2 symmetry is still conserved by the vacuum state,
which forbids direct coupling of any single inert field to the
SM fields, and it stabilizes the lightest inert boson against
decay. Pairwise interactions of the inert scalars with the
gauge bosons and with the SM-like Higgs H are still
possible, which gives rise to various i2HDM signatures at
colliders and in the DM detection experiments.
The idea that the symmetry-protected second Higgs

doublet naturally produces a scalar dark matter candidate
was first mentioned more that 30 years ago [24]. However,
the real interest in phenomenological consequences of the
i2HDM woke up in mid-2000 and intensified in the past

few years. Its simplicity, predictive power, rich yet man-
ageable parameter space, makes it an ideal playground for
checking its compatibility with the DM relic density, with
the results of the direct and indirect DM searches, and with
collider searches of various BSM signals.
Assuming that the lightest inert scalar is the only DM

candidate, one typically finds that the low-mass region,
below about 50 GeV, is excluded by the relic density
constraints coupled with the LHC constraints on the
invisible Higgs decay [28–30]. The funnel region, with
the DM mass close to MH=2, the intermediate, 100–
500 GeV, and the high mass regions are still compatible
with data and lead to interesting predictions at colliders.
Additional theoretical constraints on the parameter space
and DM candidate properties can be deduced from assump-
tions of full stability of the i2HDM up to the PLANCK
scale [31,32] or of multidoublet Higgs inflation [33]. The
i2HDM can also produce signals for direct [34] and indirect
DM search experiments via heavy inert scalar annihilation,
which can be detectable via γ rays [35–37] or via its
neutrino [38,39] and cosmic-ray signals [40].
The i2HDM can also have interesting cosmological

consequences. Being an example of 2HDM, it possesses
a rich vacuum structure, which evolves at high temper-
atures [41–43]. This opens up the possibility within
i2HDM that the early Universe, while cooling down, went
through a sequence of phase transitions including strong
first-order phase transitions [44–50]. Such analyses are
capable of restricting the parameter space; for example, the
recent study [50] showed that combining the strong first-
order phase transition with other astroparticle and collider
constraints gives preference to the funnel region.
There has also been a number of studies on collider

signatures of the i2HDM. They focus on specific processes
such as SM-like Higgs decays to γγ and γZ [28,51–53],
multilepton production plus missing transverse momentum
(Emiss

T ) [54–56] with as many as five leptons [57], dijetþ
Emiss
T [58], and dileptons accompanied with dijets [56].

Other works present combined analyses of astroparticle and
collider constraints [29,57,59–62]. Comparing the i2HDM
predictions with the electroweak precision data, the mea-
sured SM-like Higgs properties, the nonobservation of
long-lived charged particles and other exotic signals, and
finally the astroparticle observations, allows one to sig-
nificantly restrict the i2HDM parameter space. The recent
analysis [29] gave a detailed account of these constraints.
For specific benchmark points or benchmark planes in the
surviving parameter space, it predicted the cross section of
pair production of inert scalars followed by various modes
of their decay. As for the specific signatures of the i2HDM
at the LHC, dileptons and mono-Z signals were mentioned.
An earlier analysis [60] investigated multilepton, multijet,
mono-Z, and several channels for the monojet with large
Emiss
T . Reference [59] took into account one-loop correc-

tions to the masses and, for a part of the numerical scans,

1Even if we started with a complex λ5, we could redefine the
second doublet via a global phase rotation, which would render λ5
real without affecting any other part of the Lagrangian.
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Other works present combined analyses of astroparticle and
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predictions with the electroweak precision data, the mea-
sured SM-like Higgs properties, the nonobservation of
long-lived charged particles and other exotic signals, and
finally the astroparticle observations, allows one to sig-
nificantly restrict the i2HDM parameter space. The recent
analysis [29] gave a detailed account of these constraints.
For specific benchmark points or benchmark planes in the
surviving parameter space, it predicted the cross section of
pair production of inert scalars followed by various modes
of their decay. As for the specific signatures of the i2HDM
at the LHC, dileptons and mono-Z signals were mentioned.
An earlier analysis [60] investigated multilepton, multijet,
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included the additional theoretical constraint that the
perturbativity and stability be satisfied up to a large scale
Λ. The version of i2HDM equipped with Peccei-Quinn
Uð1Þ symmetry spontaneously broken to Z2 was inves-
tigated in [62]. Here, dark matter acquires a second
component, the axion, which changes the DM phenom-
enology. It is also possible to hunt for i2HDM at the future
colliders, via searching for new scalars and reconstructing
the potential [63] or by accurately measuring the SM-like
Higgs couplings and deducing patterns of the deviations
from the SM [64].
In the present work, to these many studies on the

i2HDM, we add the following:
(i) detailed combined analysis of the i2HDM model in

its full five-dimensional (5D) parameter space,
taking into account perturbativity and unitarity,
LEP and electroweak precision data, Higgs data
from the LHC, DM relic density, direct/indirect DM
detection complemented by realistic (beyond-the-
parton-level) LHC monojet analysis at the LHC;

(ii) quantitative exploration of the surviving regions of
parameters, including very fine details and a quali-
tatively new region not seen in previous studies,
which is enabled by our extensive numerical scans;

(iii) a combination of different processes giving the LHC
monojet signatures: those with direct DM pair
production and those with associate production of
DM with another scalar with a close mass from the
inert multiplet;

(iv) implication of experimental LHC studies on
disappearing charged tracks relevant to a high
(≃500 GeV) DM mass region;

(v) separate, equally detailed analyses for the assump-
tions of the DM relic density being fitted to the
PLANCKresults or underabundant, allowing thus for
additional allowed regions of the parameter space.

All these points above are in close focus of the present
paper where we have performed a comprehensive scan and
study of the full parameter space of the i2HDM model.
In addition, we have performed an independent implemen-
tation and validation of the model in two gauges including
Higgs-gluon-gluon and Higgs-photon-photon effective
couplings, and we made it public together with the LanHEP
model source.
The paper is organized as follows. In Sec. II we discuss

the i2HDM model parameter space, implementation, theo-
retical constraints, as well as constraints from LEP and
electroweak precision data. In Sec. III we discuss results of
a comprehensive scan of the i2HDM parameter space and
combined constraints considering both the cases when the
relic density is “just right” and agrees with the PLANCK
results and when it is underabundant. In this section we also
present the reach of LHC studies in the high DM mass
region using results on disappearing charged tracks. In
Sec. IV we present results on future projections of the LHC

and DM DD experiments in combination with all previous
constraints. Finally, in Sec. V we draw our conclusions.

II. i2HDM: PARAMETER SPACE, MODEL
IMPLEMENTATION, THEORETICAL AND

EXPERIMENTAL CONSTRAINTS

A. Constraints from the Higgs potential

In order to represent a viable model, the potential (2)
must be bounded from below and must have a neutral, not
charge-breaking, vacuum. The former requirement leads to
the well-known restrictions on the free parameters of the
model,

λ1 > 0; λ2 > 0; 2
ffiffiffiffiffiffiffiffiffi
λ1λ2

p
þ λ3 > 0;

2
ffiffiffiffiffiffiffiffiffi
λ1λ2

p
þ λ3 þ λ4 − jλ5j > 0: ð4Þ

The absence of the charge-breaking vacuum is guaranteed
if one assumes

λ4 − jλ5j < 0: ð5Þ

This is a sufficient but not necessary condition for the
vacuum to be neutral.A neutral vacuumcan also be achieved
for positive λ4 − jλ5jwith appropriatem2

1 andm
2
2. However,

in this case the lightest DM candidate will be the charged
scalar. Condition (5) avoids this situation as well.
Once these restrictions are applied, the vacuum is

neutral, and one can calculate the masses of the physical
Higgs bosons. In addition to the SM-like scalar H, one gets
charged h$ and neutral h1, h2 scalars. It is well known that
the two neutral scalars of the i2HDM have opposite CP
parities, but it is impossible to unambiguously assign which
of them is CP even and which is CP odd. In the absence of
any suitable vertex, the model has two CP symmetries,
h1 → h1, h2 → −h2 and h1 → −h1, h2 → h2, which get
interchanged upon basis change ϕ2 → iϕ2. Either can be
used as the CP symmetry of the model, making the
specification of the CP properties of h1 and h2 a basis
dependent statement. Therefore, we denote the two neutral
inert scalar masses as Mh1 < Mh2 , without specifying
which is scalar and pseudoscalar. The masses of the
physical scalars are

M2
H ¼ 2λ1v2 ¼ 2m2

1; M2
hþ ¼ 1

2
λ3v2 −m2

2;

M2
h1
¼ 1

2
ðλ3 þ λ4 − jλ5jÞv2 −m2

2;

M2
h2
¼ 1

2
ðλ3 þ λ4 þ jλ5jÞv2 −m2

2 > M2
h1
: ð6Þ

The mass differences, written as

M2
h2
−M2

h1
¼ jλ5jv2; M2

hþ −M2
h1
¼−ðλ4− jλ5jÞv2=2; ð7Þ
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1. EWPD oblique parameters: S, T

2. Theoretical constraints including vacuum stability

3. LEP data

4. LHC Higgs data

5. Relic density & Direct dark matter detection
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• �34,�3: couplings with the Higgs boson.

• �2: couplings among inert scalars.
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Mh1 = Mh2 by U(1) symmetry
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Inert Higgs couplings w/ V

The SM gauge boson interacts w/ two inert scalars



Inert Higgs couplings w/ Higgs
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• �34,�3: couplings with the Higgs boson.
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• �34,�3: couplings with the Higgs boson.
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Decays of inert scalars

1. EWPD oblique parameters: S, T

2. Theoretical constraints including vacuum stability

3. LEP data

4. LHC Higgs data

5. Relic density & Direct dark matter detection
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4. Constraints  
on the IDM with U(1)

1. EWPD oblique parameters: S, T

2. Theoretical constraints including vacuum stability

3. LEP data

4. LHC Higgs data

5. Relic density & Direct dark matter detection
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• �34,�3: couplings with the Higgs boson.

• �2: couplings among inert scalars.
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EWPD constraints



can be written as

S =
1
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ln

M
2
S

M
2
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, (13)

T =
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16⇡2↵v2
F (M2

H± , M
2
S
),

where the loop function F (x, y) is

F (x, y) =

8
<

:

x+y

2 �
xy

x�y
ln x

y
, if x 6= y;

0, if x = y.

(14)

The current best-fit results are given by [72]

S = 0.02 ± 0.07, T = 0.07 ± 0.06, ⇢ST = 0.92, (15)

where U = 0 is assumed, and with ⇢ST is the correlation between S and T . In order to

obtain the allowed region in the mass spectrum of the model, we minimize the following �
2:

�
2 =

X

O=S,T

(O � Oexp)2

�
2
O
(1 � ⇢ST )

� 2⇢ST

(S � Sexp)(T � Texp)

�S�T (1 � ⇢ST )
, (16)

where �O is the error on the observable O.

100 200 300 400 500
0

20

40

60

80

100

120

MS [GeV]
<latexit sha1_base64="V4/CiEvjEOkYFQ7k5N2vUR2GyQY=">AAAB9HicbVBNS8NAEJ34WetX1aOXxVbwICWpiB6LHvQiVLQfkIay2W7apZtN3N0USujv8OJBEa/+GG/+G7dtDtr6YODx3gwz8/yYM6Vt+9taWl5ZXVvPbeQ3t7Z3dgt7+w0VJZLQOol4JFs+VpQzQeuaaU5bsaQ49Dlt+oPrid8cUqlYJB71KKZeiHuCBYxgbSQPle46D+3TkntDG16nULTL9hRokTgZKUKGWqfw1e5GJAmp0IRjpVzHjrWXYqkZ4XScbyeKxpgMcI+6hgocUuWl06PH6NgoXRRE0pTQaKr+nkhxqNQo9E1niHVfzXsT8T/PTXRw6aVMxImmgswWBQlHOkKTBFCXSUo0HxmCiWTmVkT6WGKiTU55E4Iz//IiaVTKzln5/L5SrF5lceTgEI7gBBy4gCrcQg3qQOAJnuEV3qyh9WK9Wx+z1iUrmzmAP7A+fwCNXJCq</latexit>

�
M

[G
eV

]
<latexit sha1_base64="THYwIJFWp/PzXGYc2Ub/fX5YURU=">AAAB+3icbVDLSsNAFJ34rPUV69LNYCu4kJJURJdFBd0IFewDklAm05t26OTBzEQsob/ixoUibv0Rd/6N0zYLbT1w4XDOvdx7j59wJpVlfRtLyyura+uFjeLm1vbOrrlXask4FRSaNOax6PhEAmcRNBVTHDqJABL6HNr+8Gritx9BSBZHD2qUgBeSfsQCRonSUtcs4Yp7DVwRfOeeVJwbaHlds2xVrSnwIrFzUkY5Gl3zy+3FNA0hUpQTKR3bSpSXEaEY5TAuuqmEhNAh6YOjaURCkF42vX2Mj7TSw0EsdEUKT9XfExkJpRyFvu4MiRrIeW8i/uc5qQouvIxFSaogorNFQcqxivEkCNxjAqjiI00IFUzfiumACEKVjquoQ7DnX14krVrVPq2e3dfK9cs8jgI6QIfoGNnoHNXRLWqgJqLoCT2jV/RmjI0X4934mLUuGfnMPvoD4/MHa3iSwQ==</latexit>

95% C.L.
<latexit sha1_base64="0oaGPNdPJL7wMjMT/tzweZsMRRg=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LJaCp5BUSvUihV48eKhgP7ANZbPdtEs3m7C7EUrov/DiQRGv/htv/hu3bQ7a+mDg8d4MM/P8mDOlHefbym1sbm3v5HcLe/sHh0fF45O2ihJJaItEPJJdHyvKmaAtzTSn3VhSHPqcdvxJY+53nqhULBIPehpTL8QjwQJGsDbSI7qu9suoYd/Zg2LJsZ0F0DpxM1KCDM1B8as/jEgSUqEJx0r1XCfWXoqlZoTTWaGfKBpjMsEj2jNU4JAqL11cPENlowxREElTQqOF+nsixaFS09A3nSHWY7XqzcX/vF6igysvZSJONBVkuShIONIRmr+PhkxSovnUEEwkM7ciMsYSE21CKpgQ3NWX10m7YruXdvW+UqrfZHHk4QzO4QJcqEEdbqEJLSAg4Ble4c1S1ov1bn0sW3NWNnMKf2B9/gC15o75</latexit>

99% C.L.
<latexit sha1_base64="zYM95HmzUYbmAhkhcRVHMicthvw=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LJaCp5BUivYihV48eKhgP7ANZbPdtEs3m7C7EUrov/DiQRGv/htv/hu3bQ7a+mDg8d4MM/P8mDOlHefbym1sbm3v5HcLe/sHh0fF45O2ihJJaItEPJJdHyvKmaAtzTSn3VhSHPqcdvxJY+53nqhULBIPehpTL8QjwQJGsDbSI6rV+mXUsO/sQbHk2M4CaJ24GSlBhuag+NUfRiQJqdCEY6V6rhNrL8VSM8LprNBPFI0xmeAR7RkqcEiVly4unqGyUYYoiKQpodFC/T2R4lCpaeibzhDrsVr15uJ/Xi/RwbWXMhEnmgqyXBQkHOkIzd9HQyYp0XxqCCaSmVsRGWOJiTYhFUwI7urL66Rdsd1Lu3pfKdVvsjjycAbncAEuXEEdbqEJLSAg4Ble4c1S1ov1bn0sW3NWNnMKf2B9/gC8Eo79</latexit>

FIG. 1. Allowed region of (MS , �M) by the electroweak oblique parameters S and T at 95% and

99% C.L., where MS ⌘ Mh1 = Mh2 and �M ⌘ MH± � MS . The strong correlation between S

and T , ⇢ST = 0.92, is included in the �
2 calculation.

In Fig. 1, we present the allowed region of (MS, �M) by the electroweak oblique pa-

rameters S and T at 95% and 99% C.L., where �M ⌘ MH± � MS. We can see that the

7

Strong correlation!



can be written as

S =
1

12⇡
ln

M
2
S

M
2
H±

, (13)

T =
1

16⇡2↵v2
F (M2

H± , M
2
S
),

where the loop function F (x, y) is

F (x, y) =

8
<

:

x+y

2 �
xy

x�y
ln x

y
, if x 6= y;

0, if x = y.

(14)

The current best-fit results are given by [72]

S = 0.02 ± 0.07, T = 0.07 ± 0.06, ⇢ST = 0.92, (15)

where U = 0 is assumed, and with ⇢ST is the correlation between S and T . In order to

obtain the allowed region in the mass spectrum of the model, we minimize the following �
2:
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where �O is the error on the observable O.
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and T , ⇢ST = 0.92, is included in the �
2 calculation.

In Fig. 1, we present the allowed region of (MS, �M) by the electroweak oblique pa-

rameters S and T at 95% and 99% C.L., where �M ⌘ MH± � MS. We can see that the

7

Strong correlation!

can be written as

S =
1

12⇡
ln

M
2
S

M
2
H±

, (13)

T =
1

16⇡2↵v2
F (M2

H± , M
2
S
),

where the loop function F (x, y) is

F (x, y) =

8
<

:

x+y

2 �
xy

x�y
ln x

y
, if x 6= y;

0, if x = y.

(14)

The current best-fit results are given by [72]

S = 0.02 ± 0.07, T = 0.07 ± 0.06, ⇢ST = 0.92, (15)

where U = 0 is assumed, and with ⇢ST is the correlation between S and T . In order to

obtain the allowed region in the mass spectrum of the model, we minimize the following �
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The current best-fit results are given by [72]

S = 0.02 ± 0.07, T = 0.07 ± 0.06, ⇢ST = 0.92, (15)

where U = 0 is assumed, and with ⇢ST is the correlation between S and T . In order to

obtain the allowed region in the mass spectrum of the model, we minimize the following �
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The current best-fit results are given by [72]

S = 0.02 ± 0.07, T = 0.07 ± 0.06, ⇢ST = 0.92, (15)

where U = 0 is assumed, and with ⇢ST is the correlation between S and T . In order to

obtain the allowed region in the mass spectrum of the model, we minimize the following �
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FIG. 1. Allowed region of (MS , �M) by the electroweak oblique parameters S and T at 95% and

99% C.L., where MS ⌘ Mh1 = Mh2 and �M ⌘ MH± � MS . The strong correlation between S

and T , ⇢ST = 0.92, is included in the �
2 calculation.

In Fig. 1, we present the allowed region of (MS, �M) by the electroweak oblique pa-

rameters S and T at 95% and 99% C.L., where �M ⌘ MH± � MS. We can see that the
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The current best-fit results are given by [72]

S = 0.02 ± 0.07, T = 0.07 ± 0.06, ⇢ST = 0.92, (15)

where U = 0 is assumed, and with ⇢ST is the correlation between S and T . In order to

obtain the allowed region in the mass spectrum of the model, we minimize the following �
2:

�
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X
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(O � Oexp)2
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2
O
(1 � ⇢ST )

� 2⇢ST

(S � Sexp)(T � Texp)

�S�T (1 � ⇢ST )
, (16)

where �O is the error on the observable O.
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FIG. 1. Allowed region of (MS , �M) by the electroweak oblique parameters S and T at 95% and

99% C.L., where MS ⌘ Mh1 = Mh2 and �M ⌘ MH± � MS . The strong correlation between S

and T , ⇢ST = 0.92, is included in the �
2 calculation.

In Fig. 1, we present the allowed region of (MS, �M) by the electroweak oblique pa-

rameters S and T at 95% and 99% C.L., where �M ⌘ MH± � MS. We can see that the
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The current best-fit results are given by [72]

S = 0.02 ± 0.07, T = 0.07 ± 0.06, ⇢ST = 0.92, (15)

where U = 0 is assumed, and with ⇢ST is the correlation between S and T . In order to

obtain the allowed region in the mass spectrum of the model, we minimize the following �
2:
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, (16)

where �O is the error on the observable O.
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FIG. 1. Allowed region of (MS , �M) by the electroweak oblique parameters S and T at 95% and

99% C.L., where MS ⌘ Mh1 = Mh2 and �M ⌘ MH± � MS . The strong correlation between S

and T , ⇢ST = 0.92, is included in the �
2 calculation.

In Fig. 1, we present the allowed region of (MS, �M) by the electroweak oblique pa-

rameters S and T at 95% and 99% C.L., where �M ⌘ MH± � MS. We can see that the

7



can be written as

S =
1

12⇡
ln

M
2
S

M
2
H±

, (13)

T =
1

16⇡2↵v2
F (M2

H± , M
2
S
),

where the loop function F (x, y) is

F (x, y) =

8
<

:

x+y

2 �
xy

x�y
ln x

y
, if x 6= y;

0, if x = y.

(14)

The current best-fit results are given by [72]

S = 0.02 ± 0.07, T = 0.07 ± 0.06, ⇢ST = 0.92, (15)

where U = 0 is assumed, and with ⇢ST is the correlation between S and T . In order to

obtain the allowed region in the mass spectrum of the model, we minimize the following �
2:
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, (16)

where �O is the error on the observable O.
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FIG. 1. Allowed region of (MS , �M) by the electroweak oblique parameters S and T at 95% and

99% C.L., where MS ⌘ Mh1 = Mh2 and �M ⌘ MH± � MS . The strong correlation between S

and T , ⇢ST = 0.92, is included in the �
2 calculation.

In Fig. 1, we present the allowed region of (MS, �M) by the electroweak oblique pa-

rameters S and T at 95% and 99% C.L., where �M ⌘ MH± � MS. We can see that the
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The current best-fit results are given by [72]

S = 0.02 ± 0.07, T = 0.07 ± 0.06, ⇢ST = 0.92, (15)

where U = 0 is assumed, and with ⇢ST is the correlation between S and T . In order to

obtain the allowed region in the mass spectrum of the model, we minimize the following �
2:
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where �O is the error on the observable O.
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99% C.L., where MS ⌘ Mh1 = Mh2 and �M ⌘ MH± � MS . The strong correlation between S

and T , ⇢ST = 0.92, is included in the �
2 calculation.

In Fig. 1, we present the allowed region of (MS, �M) by the electroweak oblique pa-

rameters S and T at 95% and 99% C.L., where �M ⌘ MH± � MS. We can see that the
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can be written as
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x�y
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y
, if x 6= y;

0, if x = y.

(14)

The current best-fit results are given by [72]

S = 0.02 ± 0.07, T = 0.07 ± 0.06, ⇢ST = 0.92, (15)

where U = 0 is assumed, and with ⇢ST is the correlation between S and T . In order to

obtain the allowed region in the mass spectrum of the model, we minimize the following �
2:

�
2 =

X

O=S,T

(O � Oexp)2

�
2
O
(1 � ⇢ST )

� 2⇢ST

(S � Sexp)(T � Texp)

�S�T (1 � ⇢ST )
, (16)

where �O is the error on the observable O.
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The current best-fit results are given by [72]
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Charge Higgs boson cannot be much  
heavier than the DM scalar!
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LHC Higgs precision data 
(1) diphoton rate

[25], extra-dimensions [26], and in models with triplet
Higgs [27].

In the IHDM, the partial width of h ! !! receives an
additional contribution from the charged Higgs boson loop
which can both enhance or suppress the width compared to
the SM. It can be expressed as [28]:

!ðh ! !!Þ

¼ "2GFm
2
h

128
ffiffiffi
2

p
#3

""""""""
X

i

NciQ
2
i Fi þ ghH%H&

m2
W

m2
H%

F0ð$H%Þ
""""""""

2
;

(20)

where Nci, Qi are the color factor and the electric charge,
respectively, for a particle i running in the loop. The
dimensionless loop factors for particles of given spin in
the subscript are

F1 ¼ 2þ 3$þ 3$ð2' $Þfð$Þ;
F1=2 ¼ '2$½1þ ð1' $Þfð$Þ);
F0 ¼ $½1' $fð$Þ);

(21)

with

fð$Þ ¼
8
<
:
½sin'1ð1= ffiffiffi

$
p Þ)2; $ * 1

' 1
4 ½lnð%þ=%'Þ ' i#)2; $< 1

(22)

and

$i ¼ 4m2
i =m

2
h; %% ¼ 1%

ffiffiffiffiffiffiffiffiffiffiffiffi
1' $

p
: (23)

In Eq. (20), the coupling ghH%H& is given by

ghH%H& ¼'2i
mWsW

e
&3 ¼'i

e

2sWmW
ðm2

H% ''2
2Þ: (24)

It is clear from the above Eq. (24) that the coupling of
the SM Higgs boson to a pair of charged Higgs is com-
pletely fixed by the &3 parameter. As we shall see later, the
sign of &3 will play an important role in the calculation of
the partial width of h ! !!.

At the collider one measures the total cross section
(!!

h ¼ (ðpp ! h ! !!Þ. The largest contribution to the
production cross section for this observable (!!

h is through
gluon fusion, gg ! h ! !!. For phenomenological pur-
poses, we define the ratio of the di-photon cross section
normalized to the SM rate as follows:

R!! ¼ (!!
h

(!!
hSM

¼ (ðgg ! hÞ + Brðh ! !!Þ
(ðgg ! hÞSM + Brðh ! !!ÞSM

¼ Brðh ! !!Þ
Brðh ! !!ÞSM ; (25)

where we have used the narrow width approximation in the
first line of Eq. (25) while we have used the fact that
(ðgg ! hÞ is the same both in the IHDM and SM.
Hence one can conclude that the ratio R!! in the IHDM
depends only on the branching ratio of h ! !!. In the
evaluation of the branching ratios, we use for the total
decay widths the following expressions:

!SM
h ¼

X

f¼$;b;c

!ðh ! ffÞ þ !ðh ! WW,Þ

þ !ðh ! ZZ,Þ þ !ðh ! ggÞ þ !ðh ! !!Þ (26)

!IHDM
h ¼ !SM

h þ
X

"¼S;A;H%
!ðh ! ""Þ (27)

where the expressions for the scalar decay widths are taken
from [28]. Note that all the decay modes h ! SS, h !
A0A0, and h ! H%H& might not be kinematically al-
lowed. In the case where the DM particle is lighter than
mh=2, the decay h ! SS is kinematically allowed and
could give substantial contribution to the total width of
the Higgs. The analytical expression for hSS coupling in
the IHDM can be written as

ghSS ¼ '2i
mWsW

e
&L ¼ 'i

e

sWmW
ðm2

S ''2
2Þ (28)

which is proportional to ðm2
S ''2

2Þ, with &L ¼ &3þ
&4 þ&5.

V. NUMERICAL RESULTS

Before presenting our numerical results we would like to
point out that in Ref. [22] h ! !! has been studied in
2HDM type I as well as in the IHDM. But, Ref. [22] only
focused on the IHDM parameter space region where only
the SM Higgs boson decays, namely h ! $þ$', b #b, c #c,
WþW', ZZ, !!, and gg decays of the SM Higgs are
kinematically allowed. In this case, the total width of the
Higgs boson is the same in the SM and in the IHDM,
and therefore our ratio R!! given in Eq. (25) reduces to
!ðh ! !!Þ=!ðh ! !!ÞSM as defined in Ref. [22]. Our
results agree with the results given in [22]. In the
case where h ! SS is open, the ratio !ðh ! !!Þ=
!ðh ! !!ÞSM is not the appropriate one to be compared
with CMS and ATLAS data but rather the ratio of the
branching ratio as defined in Eq. (25). In this section we
will discuss the effect of the IHDM input parameters as
defined in Eq. (7) on R!!. We will also comment on
constraints coming from WIMP relic density. As shown
in Fig. 3 we can have a very interesting situation of evading
the LHC bounds on SM Higgs in the region of IHDM
parameter space where the invisible decay of Higgs
(h ! SS) is kinematically allowed. This issue will be
discussed in detail in forthcoming work [29].
In our numerical analysis, we perform a systematic scan

over the parameter space of the IHDM. We vary the model
parameters in the range

110 GeV-mh - 150 GeV 5 GeV-mS - 150 GeV

70 GeV-mH% ; mA - 1000 GeV;

' 500 GeV-'2 - 500 GeV; 0- &2 - 8#: (29)

In addition we have imposed mS < mA and mS < mH% and
mS <mh. This mass hierarchy ensures that mS will be the
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0.2.3 DM relic density, direct/indirect DM detection

The dark matter relic density is constrained by the PLANCK [7] on the ⌦DM

⌦Planck

DM h
2 = 0.1184± 0.0012 (0.42)

We open the possibility that there exists other source of dark matter, demanding ⌦H,Ah
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<
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Binv < 0.28 [ATLAS JHEP 08 (2016) 045]

• For MS ⌧ mH , |�34| < 0.019.

• For MS ' 60 GeV, |�34| < 0.036.

1. Perturbativity:

|�i|  8⇡.

2. Vaccum stability:

�34 > 0.

3. Tree level unitarity:

|ai|  8⇡

a1,2 = �3 ± �4, a3 = �3, a4 = �3 + 2�4, (0.1)

a5,6 = ��1 � �2 ±
q
(�1 � �2)2 + �

2

4
,

a7,8 = �3�1 � 3�2 ±
p
9(�1 � �2)2 + (2�3 + �4)2,

a9 = �2�1, a10 = �2�2.

We require

|ai|  8⇡. (0.2)

• �: no constraint

• Upper bounds on MS

• Unitarity, perturbativity: no constraint.

• � for sizable �34 excludes light MS.

1. EWPD oblique parameters: S, T

2. Theoretical constraints including vacuum stability

3. LEP data

4. LHC Higgs data

5. Relic density & Direct dark matter detection
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Theoretical & Higgs constraints

FIG. 2. Excluded region of (MS , �L) by the unitarity, the bounded-from-below scalar potential,

the diphoton decay rate of the Higgs boson, and the Higgs invisible decay rate. We take MH± =

MS + 85 GeV for two cases of �2 = 0.01 and �2 = 1.

which disqualifies the mixed vacuum as a vacuum solution. In summary, the IDM-U(1)

accommodates only one true vacuum, the inert vacuum.

In Fig. 2, we present the excluded regions of (MS, �L) by the unitarity, the BFB scalar

potential, the Higgs coupling modifier �, and the Higgs invisible decay rate. The pertur-

bativity imposes weaker constraints than the unitarity which do not appear in the figure.

We take �M = 85 GeV for two cases of �2 = 0.01 and �2 = 1. Note that the exclusions

barely depend on the mass splitting �M : if we set �M = 40 GeV, nothing will practically

change. The unitarity condition excludes heavy DM masses, MS, since the scalar quartic

couplings �3 and �4 are proportional to MS for a given �M : see Eq. (8). The � excludes

the region with MH± . 200 GeV and sizable �L. The asymmetry of the excluded region

by � about �L = 0 is attributed to the destructive (constructive) interference between H
±

and W
± contributions for �3 > 0 (�3 < 0) [48, 79]. The Higgs invisible decay rate limits

the value of �L very strongly in the mass range of MS < mH/2. For MS = 60 GeV, the

maximum allowed value of |�L| is only about 0.013, which is too small to be seen in this

linear scale figure.
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Relic density
Planck, Astron. Astrophys. 594 (2016) A13,
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� depends on 3 parameters, �34, MS , and MH± . Using [3], we have
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of the LHC and non-LHC Dark Matter Searches
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0.2.2 Higgs precision data at the LHC
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integrated luminosities of 5.1, 19.7, and 2.3 fb�1 data

Bh
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Based on 20.3 fb�1 at 8 TeV recorded by the ATLAS detector [6] yields Bh
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0.2.3 DM relic density, direct/indirect DM detection

The dark matter relic density is constrained by the PLANCK [7] on the ⌦DM

⌦Planck

DM h
2 = 0.1184± 0.0012 (0.42)

We open the possibility that there exists other source of dark matter, demanding

⌦H,Ah
2
< ⌦Planck

DM
h
2.
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Direct detection of DM



Ignore the electronic recoil event excess



If the relic density in our model is smaller than the Planck 
measurement, 

is getting very weak. Therefore we demand

0.01 <
Ωh1,2

ΩPlanck
DM

< 1. (28)

We also consider the constraints of direct detection experiments. To do so, we calculate

the spin-independent DM-nucleon elastic scattering cross section (σSI) by using micrOMEGAs

!!!

the
!!!!!!!!!!!!!!!

micromegas package [79]. We then require that σSI is below the bounds reported on

by the XENON1T experiment [80]. In cases that the relic density in our model is smaller

than the Planck measurement, we use the rescaled cross section

σ̂SI =
Ωh1,2

h2

ΩPlanck
DM h2

σSI. (29)

FIG. 3: Allowed region of (MS ,λL) by the relic density and the direct detection of the DM, by

demanding 0.01 < Ωh1,h2
/ΩPlanck

DM < 1 (pink region), 0.1 < Ωh1,h2
/ΩPlanck

DM < 1 (red region), and the

XENON1T experiment (blue region). We set MH± = MS + 85 GeV.

Figure 3 shows the allowed region by the relic density and the XENON1T experiment.

The pink region is allowed by the condition of 0.01 < Ωh1,2
/ΩPlanck

DM < 1, permitting a wide

mass range of the inert DM particles as long as |λL| is small enough. The maximum of

Ωh1,2
/ΩPlanck

DM is only ∼ 25%, occurring at MS " 85 GeV and λL " −0.13. The inert dark

scalars alone cannot explain the observed ΩPlanck
DM . If we demand Ωh1,2

/ΩPlanck
DM > 10% (red

region), only a small portion of the parameter space around 65 ! MS ! 115 GeV and

|λL| $ 1 survives. The blue regions are allowed by the XENON1T experiment, consisting of

the horizontal region with small |λL| and two triangular regions with |λL| > 1. The triangular

regions are permitted, because of the suppression from very small Ωh1,2
/ΩPlanck

DM in Eq. (29).

The overlapping region is allowed by the combination of the two constraints. If we demand

Ωh1,2
/ΩPlanck

DM > 10%, the combined DM constraints exclude most of the parameter space,

14
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FIG. 3. Allowed region of (MS , �L) by the relic density and the direct detection of the DM, by

demanding 0.01 < ⌦h1,h2/⌦Planck
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XENON1T experiment (blue region). We set MH± = MS + 85 GeV.

IV. PROBING THE IDM-U(1) AT THE LHC

A. Production of the inert DM associated with gauge bosons at the LHC

The phenomenology of the IDM-U(1) at the LHC is simple since the model contains

only two neutral scalars (h1 and h2), which will play the role of missing energy, and the

charged Higgs boson H
± decaying into W

±(⇤)
h1,2. The production of the inert scalar bosons

is mainly via the gauge bosons since the SM Higgs boson plays a minor role. The two

production channels mediated by the SM Higgs boson, gg ! H ! hihi and gg ! H !

H
+
H

�, are suppressed: the vertices H-h1-h1 and H-h2-h2 are proportional to the very small

|�L| . O(0.01); both channels are one-loop induced with the exchange of an o↵-shell SM

Higgs boson. In summary, the production of inert scalars are, to a large extent, model-

independent due to the sole contribution of gauge couplings.

For each production channel of the inert scalar bosons, we attach gauge bosons in order
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FIG. 3. Allowed region of (MS , �L) by the relic density and the direct detection of the DM, by

demanding 0.01 < ⌦h1,h2/⌦Planck
DM < 1 (pink region), 0.1 < ⌦h1,h2/⌦Planck

DM < 1 (red region), and the

XENON1T experiment (blue region). We set MH± = MS + 85 GeV.

IV. PROBING THE IDM-U(1) AT THE LHC

A. Production of the inert DM associated with gauge bosons at the LHC

The phenomenology of the IDM-U(1) at the LHC is simple since the model contains

only two neutral scalars (h1 and h2), which will play the role of missing energy, and the

charged Higgs boson H
± decaying into W

±(⇤)
h1,2. The production of the inert scalar bosons

is mainly via the gauge bosons since the SM Higgs boson plays a minor role. The two

production channels mediated by the SM Higgs boson, gg ! H ! hihi and gg ! H !

H
+
H

�, are suppressed: the vertices H-h1-h1 and H-h2-h2 are proportional to the very small

|�L| . O(0.01); both channels are one-loop induced with the exchange of an o↵-shell SM

Higgs boson. In summary, the production of inert scalars are, to a large extent, model-

independent due to the sole contribution of gauge couplings.

For each production channel of the inert scalar bosons, we attach gauge bosons in order

12
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IDMU(1)

• Two DM particles, h1 or h2.

• Mh1 = Mh2: protected by U(1) symmetry

• MH±: within 190 GeV from the DM mass.

• One DM particle, h1.

• Mh1 = Mh2: broken at loop level.

• MH±: much heavier than the DM mass.

1. �M = 190 GeV case:

/ET from h1h1, h1h2, h2h2.

2. �M = 10 GeV case:

/ET from h1h1, h1h2, h2h2, H+
H

�, h2H±.

�̂SI =
⌦DM

⌦Planck

DM

�SI

Binv < 0.28 [ATLAS JHEP 08 (2016) 045]

• For MS ⌧ mH , |�34| < 0.019.

• For MS ' 60 GeV, |�34| < 0.036.

1. Perturbativity:

|�i|  8⇡.

2. Vaccum stability:

�34 > 0.

3. Tree level unitarity:

|ai|  8⇡

a1,2 = �3 ± �4, a3 = �3, a4 = �3 + 2�4, (0.1)

a5,6 = ��1 � �2 ±
q

(�1 � �2)2 + �
2

4
,

a7,8 = �3�1 � 3�2 ±
p

9(�1 � �2)2 + (2�3 + �4)2,

a9 = �2�1, a10 = �2�2.

We require

|ai|  8⇡. (0.2)

1

IDMZ2

• Two DM particles, h1 or h2.

• Mh1 = Mh2: protected by U(1) symmetry

• MH±: within ⇠ 90 GeV from the DM mass.

Missing: h1h1, h1h2, h2h2, H
+
H

�
, H

±
h1, H

±
h2

Missing: h1h1, h1h2, h2h2

significance Z

for �34 = 0

MS mono-Z mono-� mono-W

(no-cut) (E�

T
> 10 GeV, |⌘| < 2.5) (no-cut)

60 8.13 13.91 17.88

70 5.60 9.09 12.35

200 0.40 0.43 0.86

MS mono-Z mono-� mono-W mono-WW

(no-cut) (E�

T
> 10 GeV, |⌘| < 2.5) (no-cut) (no-cut)

50 4.34 6.92 120.47 90.66

70 1.56 1.87 77.85 68.23

200 0.10 0.07 9.35 14.81

• One DM particle, h1.

• Mh1 = Mh2: broken at loop level.

• MH±: much heavier than the DM mass.

1. �M = 190 GeV case:

/ET from h1h1, h1h2, h2h2.

2. �M = 10 GeV case:

/ET from h1h1, h1h2, h2h2, H+
H

�, h2H±.

�̂SI =
⌦DM

⌦Planck

DM

�SI

Binv < 0.28 [ATLAS JHEP 08 (2016) 045]

1



IDMU(1)

mono-Z mono-W mono-𝛄



IDMU(1)

mono-WZ mono-WW

mono-W𝛄 mono-WH



to tag the missing energy signal.3 Limiting up to two gauge bosons as tagging particles, the

following schematic processes are feasible at the LHC:

•
⇥
qq̄ ! Z

⇤
! h1h2

⇤
� g/�/W

±
/Z;

•
⇥
qq̄

0
! W

±⇤
! H

±
h1,2 ! W

±(⇤)
h1,2h1,2

⇤
� �/Z/W

±;

• qq ! Z
⇤
/�

⇤
! H

+
H

�
! W

+
W

�
h1,2h1,2;

• qq̄ ! Z
⇤

! Zhihi and qq̄
0
! W

±⇤
! W

±
hihi (i = 1, 2);

• gg ! H ! H
+
H

�
! W

+
W

�
h1,2h1,2.

In terms of final states, we have mono-jet, mono-�, mono-Z, mono-W , mono-W�, mono-

WZ, and mono-WW channels. As with the terminology of mono-X, the mono-XX
0 process

means the production of XX
0 associated with large missing transverse energy.
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FIG. 4. The cross sections of mono-X and mono-XX
0 processes at the 14 TeV LHC as a function

of MS . We set �L = 0, �2 = 0.5, �M = MH± � MS = 40 GeV (left panel), and �M = 85 GeV

(right panel).

Figure 4 presents the total production cross sections of various mono-X and mono-XX
0

processes as a function of MS at the 14 TeV LHC. We have used Madgraph5 aMC@NLO

[83, 84] with the IDM model file [30, 47] in the Ufo format [85]. For �L = 0 and �2 = 0.5,

3 There are other processes such as the mono-Higgs process and the vector boson fusion production of the

inert scalar bosons. However, these processes are sub-leading and we ignore them in this work.
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to tag the missing energy signal.3 Limiting up to two gauge bosons as tagging particles, the

following schematic processes are feasible at the LHC:

•
⇥
qq̄ ! Z

⇤
! h1h2

⇤
� g/�/W

±
/Z;

•
⇥
qq̄

0
! W

±⇤
! H

±
h1,2 ! W

±(⇤)
h1,2h1,2

⇤
� �/Z/W

±;

• qq ! Z
⇤
/�

⇤
! H

+
H

�
! W

+
W

�
h1,2h1,2;

• qq̄ ! Z
⇤

! Zhihi and qq̄
0
! W

±⇤
! W

±
hihi (i = 1, 2);

• gg ! H ! H
+
H

�
! W

+
W

�
h1,2h1,2.

In terms of final states, we have mono-jet, mono-�, mono-Z, mono-W , mono-W�, mono-

WZ, and mono-WW channels. As with the terminology of mono-X, the mono-XX
0 process

means the production of XX
0 associated with large missing transverse energy.
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FIG. 4. The cross sections of mono-X and mono-XX
0 processes at the 14 TeV LHC as a function

of MS . We set �L = 0, �2 = 0.5, �M = MH± � MS = 40 GeV (left panel), and �M = 85 GeV

(right panel).

Figure 4 presents the total production cross sections of various mono-X and mono-XX
0

processes as a function of MS at the 14 TeV LHC. We have used Madgraph5 aMC@NLO

[83, 84] with the IDM model file [30, 47] in the Ufo format [85]. For �L = 0 and �2 = 0.5,

3 There are other processes such as the mono-Higgs process and the vector boson fusion production of the

inert scalar bosons. However, these processes are sub-leading and we ignore them in this work.
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to tag the missing energy signal.3 Limiting up to two gauge bosons as tagging particles, the

following schematic processes are feasible at the LHC:

•
⇥
qq̄ ! Z

⇤
! h1h2

⇤
� g/�/W

±
/Z;

•
⇥
qq̄

0
! W

±⇤
! H

±
h1,2 ! W

±(⇤)
h1,2h1,2

⇤
� �/Z/W

±;

• qq ! Z
⇤
/�

⇤
! H

+
H

�
! W

+
W

�
h1,2h1,2;

• qq̄ ! Z
⇤

! Zhihi and qq̄
0
! W

±⇤
! W

±
hihi (i = 1, 2);

• gg ! H ! H
+
H

�
! W

+
W

�
h1,2h1,2.

In terms of final states, we have mono-jet, mono-�, mono-Z, mono-W , mono-W�, mono-

WZ, and mono-WW channels. As with the terminology of mono-X, the mono-XX
0 process

means the production of XX
0 associated with large missing transverse energy.
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FIG. 4. The cross sections of mono-X and mono-XX
0 processes at the 14 TeV LHC as a function

of MS . We set �L = 0, �2 = 0.5, �M = MH± � MS = 40 GeV (left panel), and �M = 85 GeV

(right panel).

Figure 4 presents the total production cross sections of various mono-X and mono-XX
0

processes as a function of MS at the 14 TeV LHC. We have used Madgraph5 aMC@NLO

[83, 84] with the IDM model file [30, 47] in the Ufo format [85]. For �L = 0 and �2 = 0.5,

3 There are other processes such as the mono-Higgs process and the vector boson fusion production of the

inert scalar bosons. However, these processes are sub-leading and we ignore them in this work.
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When �M = 85 GeV, the production cross section of mono-W� is about 2.8 fb for

MS = 70 GeV. The ATLAS [91] and CMS [92] collaborations analyzed this mode

in the search for supersymmetry with a general gauge-mediated mechanism. As the

gravitino G̃ being the lightest supersymmetric particle, the lightest neutralino �̃
0
1 de-

cays into �G̃. The production of �̃
0
1 in association with the light chargino �̃

±

1 will yield

mono-W� signal. The current 95% C.L. upper limit on the production cross section is

of the order of O(10) fb [92]. We expect higher discovery potential in the future. We

also note that this mode has not been studied in the framework of the IDM.

Based on these discussions, we conclude that the mono-W� mode is one of the most sensitive

channels to probe the IDM-U(1) at the LHC.

V. W
±
�E

miss
T

FINAL STATES AT THE LHC

In this section, we make a comprehensive analysis of the mono-W� mode with the

hadronic W
± decay at the HL-LHC and a future FCC-hh 100 TeV collider:

pp ! W
±(! qq̄

0)� + E
miss
T

. (30)

From the comprehensive study of the theoretical and experimental constraints on the model,

we take the following benchmark:

MS = 70 GeV, MH± = 155 GeV, �L = 0.01, �2 = 0.5. (31)

The choice of �L and �2 does not a↵ect the mono-W� process. The parton-level cross section

of the signal process is �⇥B(W±
! qq̄

0) = 3.23 fb (29.4 fb) at
p

s = 14 TeV (100 TeV). The

final state consists of a hard isolated photon, at least two jets, and large missing transverse

momentum. For this final state, the backgrounds contaminating the searches fall into three

categories:

• Irreducible backgrounds:

– Z(! ⌫̄⌫)� + jets;

– Z(! ⌫̄⌫)Z(! q̄q)�;

– W
±(! q̄q

0)Z(! ⌫̄⌫)� .

16
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The first background of Z� + jets is dominant with the total cross section of ⇠

17 (83) pb at the 14 (100) TeV LHC while the other two are sub-leading.

• Reducible backgrounds involving the leptonic decay of a W
± boson with the charged

lepton escaping the detection (called `
±

esc). We consider three reducible backgrounds:

– W
±(! `

±

esc⌫)� + jets;

– W
±(! `

±

esc⌫)W⌥(! q̄q
0)� and W

±(! `
±

esc⌫)Z(! qq̄)�;

– tt̄�, followed by the semi-leptonic decay of the tt̄ pair.

• Backgrounds from the fake photons. There exist non-zero probabilities of misidenti-

fying an electron or a jet as a photon. The photon fake rates are usually taken as

Pj!� = 5⇥10�4 and Pe�!� = 2% (5%) in the barrel (endcap) region, according to the

combined study on the perspectives for the HL-LHC by the ATLAS and CMS collab-

orations [93]. However, they depend sensitively on the type of the process as well as

the signal region. For example, the experimental study on the process pp ! �E
miss
T

in

the signal region with E
miss
T

> 150 GeV yields Pe�!� = 1.5% [89]. Since this type of

background cannot be modeled in our analysis setup, especially at the 100 TeV LHC,

we will ignore the sub-leading backgrounds from the fake photons.

Signal and background processes are simulated at LO, using Madgraph5 aMC@NLO [83,

84] with the NNPDF31 PDF set [94] and ↵s(MZ) = 0.118. For the renormalization and

factorization scales, we choose

µF,R =
1

2

X

i

q
p
2
T,i

+ m
2
i
. (32)

For W
±
� + jets and Z� + jets, we simulated the productions with jet multiplicity up to

two jets in the final state and merged them according to the MLM merging scheme [95] with

a merging scale Q0 = 22.5 GeV. We have confirmed the stability of the calculations with

respect to the variation of the merging scale.

In all of the simulations, we have generated events with some generator-level cuts on the

photon transverse momentum p
�

T
> 5-10 GeV. The decays of W , Z, and the top quark were

performed by using MadSpin [96]. Pythia8 was used for the showering and hadronization

stages [97]. To include detector angularity and momentum smearing to the particle-level
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– W
±(! `

±

esc⌫)W⌥(! q̄q
0)� and W

±(! `
±

esc⌫)Z(! qq̄)�;

– tt̄�, followed by the semi-leptonic decay of the tt̄ pair.

• Backgrounds from the fake photons. There exist non-zero probabilities of misidenti-

fying an electron or a jet as a photon. The photon fake rates are usually taken as

Pj!� = 5⇥10�4 and Pe�!� = 2% (5%) in the barrel (endcap) region, according to the

combined study on the perspectives for the HL-LHC by the ATLAS and CMS collab-

orations [93]. However, they depend sensitively on the type of the process as well as

the signal region. For example, the experimental study on the process pp ! �E
miss
T

in

the signal region with E
miss
T

> 150 GeV yields Pe�!� = 1.5% [89]. Since this type of

background cannot be modeled in our analysis setup, especially at the 100 TeV LHC,

we will ignore the sub-leading backgrounds from the fake photons.

Signal and background processes are simulated at LO, using Madgraph5 aMC@NLO [83,

84] with the NNPDF31 PDF set [94] and ↵s(MZ) = 0.118. For the renormalization and

factorization scales, we choose

µF,R =
1

2

X

i

q
p
2
T,i

+ m
2
i
. (32)

For W
±
� + jets and Z� + jets, we simulated the productions with jet multiplicity up to

two jets in the final state and merged them according to the MLM merging scheme [95] with

a merging scale Q0 = 22.5 GeV. We have confirmed the stability of the calculations with

respect to the variation of the merging scale.

In all of the simulations, we have generated events with some generator-level cuts on the

photon transverse momentum p
�

T
> 5-10 GeV. The decays of W , Z, and the top quark were

performed by using MadSpin [96]. Pythia8 was used for the showering and hadronization

stages [97]. To include detector angularity and momentum smearing to the particle-level
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events, we used Delphes as a fast-detector simulation tool [98] with the templates specific

for the HL-LHC and the FCC-hh. In the analysis, we cluster jets according to the anti-kT

algorithm [99] with jet radius D = 0.4 using energy flow as input. The clustering of jets was

performed by Fastjet [100].

After generating events to be called the “initial events”, we take the five basic selection

steps. First we demand n� � 1 and nj � 2, i.e., at least one photon with p
�

T
> 25 GeV

and |⌘
�
| < 2.47, and at least two jets with p

j

T
> 25 GeV and |⌘

j
| < 2.5. The second step is

the lepton veto: we remove the event which contains at least one isolated lepton (electron

or muon) with p
`

T
> 7 GeV and |⌘

`
| < 2.5. The third one is the b-jet veto, removing the

event if the leading or sub-leading jet is b-tagged. The fourth and fifth steps are designed

to reduce the W
±(! `

±

esc⌫)� + jets and Z(! ⌫̄⌫)� + jets. We select events that contain

one dijet candidate consistent with a hadronic decay of W
± by demanding two jets to

satisfy �Rj1j2 < 1. If more than two pairs of jets are satisfying this condition, we keep the

pair with the minimum �Rj1j2 . The dijet with �Rj1j2 < 1 is further required to satisfy

|Mj1j2 � mW | < 10 GeV with mW = 80.4 GeV.

Selection Signal V � + jets tt̄� V V � ns/
p

nb

Initial events 9.69 ⇥ 103 2.04 ⇥ 108 2.14 ⇥ 106 2.56 ⇥ 106 2.54 ⇥ 10�3

n� � 1, nj � 2 1.90 ⇥ 103 1.40 ⇥ 107 7.60 ⇥ 105 4.48 ⇥ 105 6.83 ⇥ 10�3

Lepton veto 1.89 ⇥ 103 9.38 ⇥ 106 4.02 ⇥ 105 3.72 ⇥ 105 1.02 ⇥ 10�2

b-tag veto 1.77 ⇥ 103 8.94 ⇥ 106 1.40 ⇥ 105 3.30 ⇥ 105 1.03 ⇥ 10�2

�Rj1j2 < 1 5.85 ⇥ 102 1.99 ⇥ 106 8.16 ⇥ 105 1.01 ⇥ 105 1.48 ⇥ 10�2

|Mj1j2 � mW | < 10 GeV 1.49 ⇥ 102 1.08 ⇥ 105 1.30 ⇥ 104 2.21 ⇥ 104 5.71 ⇥ 10�2

TABLE I. The number of events for the signal and the backgrounds after each of the five basic

selection steps at the 14 TeV LHC with the total integrated luminosity L = 3 ab�1. The background

V �+jets refers to the combination of Z(! ⌫̄⌫)�+jets and W
±(! `

±
esc⌫)�+jets, where `

±
esc denotes

a charged lepton escaping the detection. The background V V � includes Z(! ⌫̄⌫)Z(! q̄q)�,

W
±(! q̄q

0)Z(! ⌫̄⌫)�, W
±(! `

±
esc⌫)W⌥(! q̄q

0)�, and W
±(! `

±
esc⌫)Z(! q̄q)�.

In Tables I and II, we show the cut-flows for the signal and the backgrounds at the 14
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Selection Signal V � + jets tt̄� V V � ns/
p

nb

Initial events 8.82 ⇥ 105 1.23 ⇥ 1010 8.70 ⇥ 108 1.76 ⇥ 108 1.15 ⇥ 10�2

n� � 1, nj � 2 1.71 ⇥ 105 1.46 ⇥ 109 3.36 ⇥ 108 3.13 ⇥ 107 1.62 ⇥ 10�2

Lepton veto 1.71 ⇥ 105 8.73 ⇥ 108 1.67 ⇥ 108 2.55 ⇥ 107 2.78 ⇥ 10�2

b-tag veto 1.64 ⇥ 105 8.33 ⇥ 108 5.65 ⇥ 107 2.30 ⇥ 107 3.11 ⇥ 10�2

�Rj1j2 < 1 6.23 ⇥ 104 2.09 ⇥ 108 3.38 ⇥ 107 7.97 ⇥ 106 4.31 ⇥ 10�2

|Mj1j2 � mW | < 10 GeV 1.86 ⇥ 104 1.66 ⇥ 107 6.64 ⇥ 106 2.02 ⇥ 106 1.28 ⇥ 10�1

TABLE II. Same as Table I but for the FCC-hh at
p

s = 100 TeV and L = 30 ab�1.

TeV and 100 TeV LHC, respectively. In order to assess the discovery potential of the signal

process, we present the signal significance at each selection step, defined by [101]

S =
ns

p
nb

, (33)

where ns and nb are the number of events for the signal and backgrounds, respectively.

Among the basic selection steps, the W -boson mass requirement significantly reduces the

expected number of background events. However, the backgrounds are still overwhelming,

yielding the significance of the order of 10�2 (10�1) at the 14 TeV (100 TeV). Therefore, we

need to devise a new method in order to enhance the significance.

In Figs. 5 and 6, we present the distributions of the missing transverse energy, E
miss
T

, and

the scalar sum of the transverse momenta of jets, HT , at the HL-LHC (left panel) and the

FCC-hh (right panel). Unfortunately, the E
miss
T

distributions of the signal have a similar

distribution shape to those of the backgrounds. Requiring large missing transverse energy

does not improve the signal-to-background ratios. This is attributed to the light DM mass,

MS = 70 GeV, which is inevitable for the condition ⌦h1,2/⌦
Planck
DM > 0.1 to be satisfied.

The HT distribution shows slight di↵erences between the signal and the backgrounds such

that the backgrounds have stronger HT than the signal. Based on these characteristics, we

suggest the use of the modified E
miss
T

significance, PE
miss
T

, defined by

PE
miss
T

=
E

miss
T

p
HT

. (34)

The event yields for PE
miss
T

at the HL-LHC and the FCC-hh are shown in Fig. 7. We can

see that the signal has a peak around PE
miss
T

' 15
p

GeV while all of the backgrounds have
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process, we present the signal significance at each selection step, defined by [101]
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, (33)

where ns and nb are the number of events for the signal and backgrounds, respectively.

Among the basic selection steps, the W -boson mass requirement significantly reduces the

expected number of background events. However, the backgrounds are still overwhelming,

yielding the significance of the order of 10�2 (10�1) at the 14 TeV (100 TeV). Therefore, we

need to devise a new method in order to enhance the significance.

In Figs. 5 and 6, we present the distributions of the missing transverse energy, E
miss
T

, and

the scalar sum of the transverse momenta of jets, HT , at the HL-LHC (left panel) and the

FCC-hh (right panel). Unfortunately, the E
miss
T

distributions of the signal have a similar

distribution shape to those of the backgrounds. Requiring large missing transverse energy

does not improve the signal-to-background ratios. This is attributed to the light DM mass,

MS = 70 GeV, which is inevitable for the condition ⌦h1,2/⌦
Planck
DM > 0.1 to be satisfied.

The HT distribution shows slight di↵erences between the signal and the backgrounds such

that the backgrounds have stronger HT than the signal. Based on these characteristics, we

suggest the use of the modified E
miss
T

significance, PE
miss
T

, defined by

PE
miss
T

=
E

miss
T

p
HT

. (34)

The event yields for PE
miss
T

at the HL-LHC and the FCC-hh are shown in Fig. 7. We can

see that the signal has a peak around PE
miss
T

' 15
p

GeV while all of the backgrounds have
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Selection Signal V � + jets tt̄� V V � ns/
p
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TABLE II. Same as Table I but for the FCC-hh at
p

s = 100 TeV and L = 30 ab�1.

TeV and 100 TeV LHC, respectively. In order to assess the discovery potential of the signal

process, we present the signal significance at each selection step, defined by [101]

S =
ns

p
nb

, (33)

where ns and nb are the number of events for the signal and backgrounds, respectively.

Among the basic selection steps, the W -boson mass requirement significantly reduces the

expected number of background events. However, the backgrounds are still overwhelming,

yielding the significance of the order of 10�2 (10�1) at the 14 TeV (100 TeV). Therefore, we

need to devise a new method in order to enhance the significance.

In Figs. 5 and 6, we present the distributions of the missing transverse energy, E
miss
T

, and

the scalar sum of the transverse momenta of jets, HT , at the HL-LHC (left panel) and the

FCC-hh (right panel). Unfortunately, the E
miss
T

distributions of the signal have a similar

distribution shape to those of the backgrounds. Requiring large missing transverse energy

does not improve the signal-to-background ratios. This is attributed to the light DM mass,

MS = 70 GeV, which is inevitable for the condition ⌦h1,2/⌦
Planck
DM > 0.1 to be satisfied.

The HT distribution shows slight di↵erences between the signal and the backgrounds such

that the backgrounds have stronger HT than the signal. Based on these characteristics, we

suggest the use of the modified E
miss
T

significance, PE
miss
T

, defined by

PE
miss
T

=
E

miss
T

p
HT

. (34)

The event yields for PE
miss
T

at the HL-LHC and the FCC-hh are shown in Fig. 7. We can

see that the signal has a peak around PE
miss
T

' 15
p

GeV while all of the backgrounds have
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p

GeV. (35)

Then the signal significance at the LH-LHC is about 0.77, leading to a disappointing result

that the IDM with U(1) symmetry cannot be probed at the HL-LHC. At the FCC-hh with
p

s = 100 TeV and 30 ab�1, the significance can be as high as about 7.5. The IDM-U(1)

has a chance to be probed through the mono-W� mode.
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7. Conclusions

• IDM with U(1) is well-motivated simple model 
for DM. 

• There are two DM particles, neutral scalar and 
pseudo-scalar bosons, because the mass 
degeneracy between them is protected by 
U(1). 

• mono-W+photon shall lead to smoking-gun 
signatures at the FCC-hh.


