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We study the phenomenology of the scotogenic model in the case of a Majorana dark matter (DM)
candidate. This scenario gives important consequences since the parameter space of the model is almost
unconstrained compared to the inert Higgs doublet model (or the scotogenic model with scalar DM) and
hence offers new opportunities for discovery at future high energy colliders, e.g., the HL-LHC. As an
example, we focus on the production of the Standard Model (SM) Higgs boson in association with a pair of
dark scalars. Owing to its clean signature, the γγ decay channel of the SM Higgs boson is investigated in
great detail at both the HL-LHC (at

ffiffiffi
s

p ¼ 14 TeV) and the future FCC-hh (at
ffiffiffi
s

p ¼ 100 TeV). After
revisiting the LHC constraints from run II on the parameter space of the model and selecting benchmark
points satisfying all the theoretical and experimental constraints, we found that scalars with mass up to
140 GeV (160 GeV) can be probed at the LHC (FCC-hh) with a 3 ab−1 of integrated luminosity assuming a
total uncertainty of 5%.

DOI: 10.1103/PhysRevD.101.035038

I. INTRODUCTION

The observation of neutrino oscillations in solar, atmos-
pheric, reactor, and accelerator experiments remains one
clear indication that the Standard Model (SM) is not a
complete framework of fundamental physics. The small-
ness of the observed neutrino masses tells us that at the
nonrenormalizable level we might not have a straightfor-
ward answer to the mechanism that bestows neutrinos
with mass. One popular mechanism for generating a tiny
neutrino mass is the so-called seesaw mechanism [1–3].
However, realistic models based on the seesaw mechanism

involve high mass scales that are hard to be probed at
collider experiments. Neutrino mass generation through
loop diagrams is interesting and gives naturally small
masses due to loop-suppression factors. Therefore, these
models can be probed at present and future colliders. In
these classes of models, the smallness of the neutrino mass
has been addressed within frameworks at one loop [4,5],
two loops [6–10], three loops [11–26], and four loops [27].
Additionally, experimental evidence of dark matter

(DM) has driven many years of investigation shedding
light on possible particle and electroweak-size interaction
explanations that can reproduce the observed DM relic
abundance in the Universe. This paradigm is interesting
since it can be tested at colliders such as the Large Hadron
Collider (LHC). One of the simplest extensions of the SM
consists in incorporating an additional inert Higgs doublet
Φ with a discrete Z2 symmetry under which the new scalar
is odd, Φ → −Φ, and the other SM fields are even [28]. In
this case, the lightest odd particle would act as a DM
candidate. This model, known as the inert Higgs doublet
model (IHDM), contains one CP-even Higgs identified as
the SMHiggs, another CP-even HiggsH0, one CP-odd A0,
and a pair of charged Higgs H�, and it consequently has a
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rich phenomenology [29–48]. For example, the model
provides monojet, mono-Higgs, mono-Z, and monophoton
signatures that can be tested at the LHC and future
colliders. It appears from the above phenomenological
studies that the IHDM is strongly constrained from direct
and indirect DM searches, both for low and intermediate
DM masses [39,49]. For DM lighter than 62.5 GeV, LHC
data also put severe constraints on the invisible decay of
the SM Higgs, which in turn translate into constraints
on a combination of the scalar parameters of the potential
[39,50]. Moreover, collider bounds on the IHDM are
obtained as a reinterpretation of neutralino and chargino
pair production both from LEP II [51] and from LHC [52].
From LEP II data, Ref. [51] sets an upper bound on the
pseudoscalar mass, mA0 (resp. mH0), below 100 GeV (resp.
80 GeV) consistent with mass splittings ΔmðA0;H0Þ≥
8GeV. While from LHC data, Ref. [52] limits have been
derived using a dilepton plus missing energy signature
which excludes masses for the exotic scalar up to
62.5 GeV. A recent study [50] showed that the LHC at
13 TeV and 3000 fb−1 luminosity could exclude exotic
scalar masses below 83 GeV using the monojet channel.
However, if one focuses on a degenerate spectrum of

exotic scalars, which is a natural outcome of accidental
symmetries in the scalar potential [53], the region of scalar
masses above MZ=2 remains unconstrained for splittings
between the exotic scalar and the charged scalar mass
below 5 GeV. It was also found that LHC searches are not
strong enough to probe the degenerate window due to
lepton pT requirements. In light of current collider exper-
imental bounds and the viable region of parameter space in
the IHDM, and in order to address the DM nature, one has
to go beyond this minimal extension of the SM. For
instance, extending the IHDM by three right-handed
Majorana fermions may provide a possible solution to
the problem of overconstrained quartic couplings and, on
the other hand, give rise to small neutrino masses generated
through one-loop diagrams. In the present work, we build
on a recent phenomenological analysis in the framework of
the scotogenic model [30] performed by some of us [54].1

The scotogenic model is a SM minimal extension where
the SM neutrinos obtain small masses at the one-loop order.
In order to achieve this, the scalar potential has to be
augmented by an inert complex scalar doublet with a small
mixing quartic coupling to the SM Higgs. Due to the new
Yukawa couplings, the scalar potential has an enhanced
SUð2Þ symmetry acting only on the exotic scalar and the
new right-handed neutrino fields.2 Because of this global
symmetry, the quartic coupling λ5 between Φ and the SM
Higgs, which is responsible for the mass splitting between

the CP-odd and CP-even neutral scalars, does not run and
thus can naturally be very close to zero, which yields a
small mass for the active neutrino. In contrast to the λ5 term
in the potential, there is another coupling between Φ and
the SM Higgs, λ4, which has a nonvanishing β function
even if the coupling is chosen to be zero at some very high
energy scale. This region of parameter space also corre-
sponds to the spectrum of a compressed exotic scalar or
pseudoscalar spectrum that leads to interesting collider
signatures which are difficult to probe in the IHDM with
current and near-future data.
In [54,60], the DM candidate is considered to be the

lightest Majorana fermion N1, which implies a significant
difference in the parameter space compared to both IDHM
and the scotogenic model with a scalar DM candidate. For
instance, in the case of a scalar DM candidate, the null
results from searches in direct detection imply that the
coupling combination λL ¼ λ3 þ λ4 þ λ5 is extremely sup-
pressed, while for the fermionic DM case this constraint
does not affect the scalar potential’s parameters. In the
fermionic DM case, the CP-odd and CP-even scalars decay
predominantly into the SM neutrino and the Majorana
fermion Ni, and therefore they cannot be seen at colliders;
i.e., they behave as dark scalars. In other words, both the
IHDM and the scotogenic model provide identical signa-
tures at colliders but with different event yields since they
have different parameter space.
As pointed out above, the production of dark scalars can

lead to several signatures dubbed as mono-X. The most
well known and studied in the literature is the monojet
signature. However, within the framework of the scoto-
genic model, the monojet signature is only sensitive to the
masses of the particles produced in the final state and not to
the scalar couplings such as, e.g., λL. The reason for this is
that the monojet cross section gets its most important
contribution from diagrams with the exchange of the Z
boson and involving gauge couplings only. Therefore,
alternatives to the monojet channel need to be exploited.
In this regard, we focus on the mono-Higgs channel in the
diphoton final state at both the HL option of the LHC at
14 TeV and the Future Circular Collider (FCC-hh) at
100 TeV. This signature is an excellent probe of new
physics and DM [61–64]. We stress that searches of DM in
events with Higgs and missing transverse energy have been
carried out by the ATLAS and CMS collaborations [65–71]
using τþτ−, γγ, and bb̄ decay channels of the Higgs boson.
These searches yielded null results which were used to put
strong constraints on simplified models of DM production
at hadron colliders. However, these limits do not apply to
our model due to the smallness of the corresponding
production cross sections of DM particles in association
with a Higgs boson. In this work, we follow closely the
analysis setup of Ref. [66]. The outline of the paper is as
follow. In the second section we review the scotogenic
model and all the theoretical and experimental bounds in

1The phenomenology of the scotogenic model has been
extensively studied in the literature [55–59].

2This symmetry, however, is broken explicitly by the Majorana
bare mass terms.
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the entire degenerate window, where all exotic scalars have
approximate equal masses. We then carry out a complete
comparison of this model to the latest LHC run II data and
expose the available parameter space in the third section. In
the fourth and the fifth sections, we present a full sensitivity
analysis to a mono-Higgs signature within this framework.
The ATLAS and CMS searches of new physics we used in
the reinterpretation part of the study are described in the
Appendix.

II. THE MODEL: PARAMETERS
AND CONSTRAINTS

A. Model

In this model, the SM is extended by one SUð2ÞL
inert Higgs doublet and three singlet Majorana fermions
Ni ∼ ð1; 1; 0Þ, i ¼ 1, 2, 3. These new particles are odd
under a Z2 symmetry, whereas the SM particles are even. In
this setup, the most general gauge-invariant and renorma-
lizable scalar potential that is invariant under CP and Z2

symmetries has the form

V ¼ −μ21jHj2 þ μ22jΦj2 þ λ1
6
jHj4 þ λ2

6
jΦj4 þ λ3jHj2jΦj2

þ λ4
2
jH†Φj2 þ λ5

4
½ðH†ΦÞ2 þ H:c:�: ð1Þ

The electroweak symmetry breaking (EWSB) is
achieved through the nonvanishing vacuum expectation
value (VEV) acquired by the neutral component of the
SM Higgs doublet, while the Z2-odd inert doublet Φ does
not develop a VEV as its quadratic term has positive
curvature. The SM Higgs and the inert doublets can be
parametrized as

H ¼
� Gþ

1ffiffi
2

p ðυþ hþ iG0Þ
�
; Φ ¼

� Hþ

1ffiffi
2

p ðH0 þ iA0Þ
�
:

ð2Þ

The Lagrangian that involves the Majorana fermions can
be written as

L ⊃ hαjL̄αϵΦNj þ
1

2
MiN̄C

i Ni þ H:c:; ð3Þ

where α ¼ e, μ, τ stands for lepton flavors, j ¼ 1, 2, 3 for
singlet Majorana fermions, ϵ ¼ iσ2 is an antisymmetric
tensor, and L̄α is the left-handed lepton doublet. Note that
the absence of L̄αjHNj in the Lagrangian (3) is due to the
imposed discrete Z2 symmetry. The parameters λ1 and μ21 in
(1) can be eliminated in favor of the SM Higgs mass and its
VEV (υ ¼ 246 GeV). The expressions of λ1 and μ21 are
considered at the one-loop level à la the DR scheme [72].
After EWSB, 3 degrees of freedom are absorbed by the

longitudinal components of the gauge boson fields (W�

and Z), and we are left with two CP-even scalars ðh0; H0Þ,
one CP-odd scalar A0, and a pair of charged scalars H�.
Their tree-level masses are given by

m2
H� ¼ μ22þ

1

2
λ3υ

2; m2
H0;A0 ¼m2

H� þ1

4
ðλ4�λ5Þυ2: ð4Þ

The neutrino mass can be obtained at the one-loop level
via the diagram in Fig. 1. The neutrino mass matrix
elements [30,73] are given à la the Casas-Ibarra form
[74] by

mðνÞ
αβ ¼

X
k

hαkGkhβk ¼ ½h:G:hT �αβ;

Gk ¼
Mk

16π2

�
m2

H0

m2
H0 −M2

k

ln
m2

H0

M2
k

−
m2

A0

m2
A0 −M2

k

ln
m2

A0

M2
k

�
:

ð5Þ

In this model, the smallness of the neutrino mass is a
consequence of the tiny mass splitting in the inert neutral

sector. In other words, the ratio ϵ ≔ jλ5jυ2
m2

H0
þm2

A0
is much

smaller than unity. Then, after the expansion over ϵ, the
parameter Gk in (5) is given by

Gk ¼
jλ5j
16π2

υ2

m̄

�
xk

1 − x2k
þ x3k
ð1 − x2kÞ2

ln x2k

�
; ð6Þ

with xk ¼ Mk=m̄ and m̄2 ¼ ðm2
H0 þm2

A0Þ=2. According to
the Casas-Ibarra parametrization, the coupling h can be
written as

h ¼ D ffiffiffiffi
Gk

p RD ffiffiffiffi
mν

p UT
ν ; ð7Þ

whereD ffiffiffiffi
Gk

p ¼diagf ffiffiffiffiffiffi
G1

p
;

ffiffiffiffiffiffi
G2

p
;

ffiffiffiffiffiffi
G3

p g,D ffiffiffiffi
mν

p ¼diagf ffiffiffiffiffiffi
m1

p
;ffiffiffiffiffiffi

m2

p
;

ffiffiffiffiffiffi
m3

p g, R is an orthogonal rotation matrix (m1;2;3 are
the neutrino eigenmasses), and Uν is the Pontecorvo-
Maki-Nakawaga-Sakata (PMNS) mixing matrix [75] which
is given by

FIG. 1. Feynman diagram responsible for the neutrino mass.
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Uν ¼

0
BB@

c12c13 c13s12 s13e−iδd

−c23s12 − c12s13s23eiδd c12c23 − s12s13s23eiδd c13s23
s12s23 − c12c23s13eiδd −c12s23 − c23s12s13eiδd c13c23

1
CCA ×Um; ð8Þ

where sij ≡ sin θij, cij ≡ cos θij with θij the mixing angles,
δd represents the Dirac CP-violating phase, and
Um ¼ diagð1; eiθα=2; eiθβ=2Þ. In this work we assume that
Uν is real-valued, which can be achieved by setting
δd ¼ θα ¼ θβ ¼ 0. In our analysis, we constrain the
parameters of the model by enforcing the computed
neutrino mass matrix to satisfy the constraints from
neutrino mixing angles and mass-squared differences,
using the following values [76]:

s212¼ 0.320þ0.016
−0.017 ; s223¼ 0.43�0.03;

s213¼ 0.025�0.003; jΔm2
13j ¼ 2.55þ0.06

−0.09 ×10−3 eV2;

Δm2
21¼ 7.62þ0.19

−0.19 ×10−5 eV2:

In addition, we take into account the constraint from the
nonobservation of neutrinoless double beta decay so that
the contribution to such a process from the total lepton
number violating interactions in the model is below the
current experimental bound [77,78].

B. Constraints

The parameters of the scalar potential have to satisfy a
number of theoretical and experimental constraints. On the
theoretical side, we should require perturbativity of all the
quartic couplings of the scalar fields. In addition, the scalar
potential has to be bounded from below in all directions of
the field space. For that, the necessary and sufficient
conditions are given by [79]

λ1;2 > 0; λ3 þ λ4 − jλ5j þ 2
ffiffiffiffiffiffiffiffiffi
λ1λ2

p
> 0;

λ3 þ 2
ffiffiffiffiffiffiffiffiffi
λ1λ2

p
> 0: ð9Þ

However, these constraints do not ensure the vacuum
stability since the inert vacuum may not be the global
minimum of the potential, and to guarantee this feature

we should also impose the condition μ2
1ffiffiffi
λ1

p ≥ − μ2
2ffiffiffi
λ2

p [80].

Another set of constraints comes from the tree-level
perturbative unitarity which should be preserved at high
energies in a variety of processes involving scalars and/or
gauge bosons. At high energies, using the equivalence
theorem, we replace the longitudinal components of the
W and Z bosons by the corresponding charged and neutral
Goldstone bosons, respectively. Therefore, we are left only
with pure scalar scattering amplitudes. Computing the
decay amplitudes for these processes, one finds a set of

four matrices with quartic couplings as their entries. The
eigenvalues for those matrices have to be smaller than
4π [81,82].
Electroweak precision tests (EWPT) are a common

approach to constrain physics beyond the SM by using
the global fit through the oblique S, T, and U parameters
[83]. In the scotogenic model, the new gauge-inert inter-
actions induce nonvanishing contributions to the oblique
parameters ΔT and ΔS [84].3 To study the impact of the
EWPT on the mass splitting between the pseudoscalar (A0)
and the charged Higgs boson (H�), we use a χ2-minimi-
zation procedure. The corresponding χ2 is defined by

χ2¼
X
O¼S;T

ðO−OexpÞ2
σ2Oð1−ρ2STÞ

−2ρST
ðS−SexpÞðT−TexpÞ

σSσTð1−ρ2STÞ
; ð10Þ

with Sexp ¼ 0.06� 0.09, Texp ¼ 0.10� 0.07 are the exper-
imental values of the S and the T parameters, σS;T are their
corresponding errors, and ρST ¼ þ0.91 is their correlation.
The constraints from EWPT can be satisfied easily in
regions of the parameter space where the mass splitting
between the neutral and the charged components of the
inert doublet is small (for light scalars) or where the scalars
are very heavy regardless of the values of their mass
splittings. In this model, constraints from neutrino masses
and mixings imply extremely small values of λ5. Therefore,
the only parameter that is directly affected by the
EWPT constraint is λ4. In the left panel of Fig. 2, we
display the 1-sigma (χ2 < 2.3), 2-sigma (χ2 < 5.99), and
3-sigma (χ2 < 11.8) allowed regions plotted in the
ðmH� ; λ4Þ plane. We can see that, for e.g.,
mH� ≃ 95 GeV, λ4 can vary in ½−0.2; 1.5�, which implies
a maximum mass splitting of about 100 GeV.
Moreover, the gauge boson decay widths are well

measured [85] and must not be modified by any new
interactions. Therefore, one needs to impose the conditions
mH0 þmA0 , 2mH� > MZ; mH� þmA0 ,mH� þmH0 > MW ,
to keep the decay channels of W and Z gauge bosons into
inert particles closed.
The new Yukawa interactions in (3) lead to lepton flavor

violating (LFV) decay processes that arise at the one-loop
level with the exchange of charged HiggsH� andMajorana
fermion Nk particles. The branching ratios of the decays
lα → lβ þ γ and lα → lβlβlβ are given in the literature

3The corrections to the U parameter in the IHDM are very
small. Therefore, we assume that ΔU ¼ 0 in the present analysis.
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[86] and should be below the experimental bounds reported
in [85]. The agreement of the chosen couplings hαk with the
LFV constraints can be moderated via a well-chosen matrix
R in (7).
In the scotogenic model, all the SM Higgs couplings

with SM particles are the same as in the SM except those
relevant to the decays H → γγ and H → γZ which receive
additional contributions from the charged Higgs bosons.
Therefore, in the case where there is no large contribution
to the invisible decay of the SM Higgs, most of the LHC
measurements would fit pretty well within the scotogenic
model. This is the case in our model; the only source of
invisible decay is the one-loop induced coupling HNiNj

which is suppressed in most regions of the parameter space.
In the scotogenic model, the partial width of the SM Higgs
boson in the γγ channel depends on the charged Higgs
boson mass and λ3. Positive (negative) values of the λ3
would imply destructive (constructive) interferences with
the leading W and the subleading top quark contributions
[42]. Since the charged Higgs H� contribution would
modify the rate throughH → γγ, constraints from diphoton
signal strength measurements at the LHC were taken into
account as well. The public package LILITH [87,88] was
used to check the constraints from various measurements of
the Higgs boson signal strength (μiγγ) defined by

μiγγ ¼
σiΓðH → γγÞ

σiSMΓðH → γγÞSM ; ð11Þ

where the superscript i refers to the production channel of
the SMHiggs boson. In the right panel of Fig. 2, we plot the

allowed regions from Higgs boson signal strength mea-
surements in the ðλ3; mH�Þ plane. We can see that μγγ
strongly constrains the 2D parameter space. There are two
notable regions for mH� < 200 GeV; the first one is
centered around λ3 ≃ 0 while the second one is a small
segment corresponding to λ3 ∈ ½0; 9� andmH� < 100 GeV.
This is unsurprising because even for large positive values
of λ3, the Rγγ ratio in our model can still agree with data
within the þ10% of experimental uncertainty reported in
e.g., the recent CMS analysis [89].
In this study, we assume that the lightest right-handed

Majorana neutrino is a DM candidate as was done in
Ref. [54]. For the light Majorana neutrinos (with masses up
to 140 GeV) that we are interested in, the main annihilation
channels are into charged leptons and SM neutrinos. These
annihilation processes proceed through t-channel diagrams
mediated by the members of the inert doublet. Furthermore,
to simplify the collider analysis (see Secs. III and IV),
nearly degenerate Majorana neutrinos are chosen, i.e.,
mN2

≃ 1.01mN1
and mN3

≃ 1.02mN1
. In this case, coanni-

hilation becomes important and, therefore, is included in
our analysis. Coannihilation with inert scalars, which give
rise to final states such as l�γ, is subleading due to the
smallness of the electromagnetic coupling compared to the
new Yukawa couplings hik and can be safely neglected.
Including all the significant channels, we select a bench-
mark point that is in agreement with the WMAP [90] and
Planck [91] measurements of the relic density at the
2σ level.
In our model, DM can interact with the nucleons, and it

triggers a possible signal in direct detection experiments.

FIG. 2. Constraints on the model parameter space from oblique parameters in the mass of the charged Higgs mass and λ4 (left) and
from Higgs signal strength measurements in the charged Higgs mass and λ4 (right). The red, yellow, and blue contours correspond to the
68%, 95%, and 99.7% allowed regions, respectively. Two different benchmark points corresponding to ðmH� ; mA0Þ ¼
ð95; 100Þ GeV; ð95; 160Þ GeV are shown as black markers in the left panel. In the right panel, the white marker corresponds to
the allowed value of λ3, which we choose for the rest of the analysis. Due to the constraints from neutrino mass and mixing parameters,
we have taken λ5 ¼ 0.
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The process of spin-independent (SI) DM-nucleus inter-
actions occurs even though the yhN1N1

coupling is not a
tree-level one.4 We estimate the SI scattering cross section
of N1 off a nucleonN and subject it to constraints from the
void searches performed by Xenon1T [92]. One notices that
constraints from direct detection are easily satisfied in our
model due to the smallness of the yhN1N1

coupling.

C. LEP constraints

Multiple searches for supersymmetric particles at eþe−
collisions have been carried out by several collaborations
[93–96] for center-of-mass energies of 183–209 GeV.
These searches focused on chargino and neutralino pair
production in events with two or three leptons and large
transverse missing energy. Several interpretations in terms
of models containing charged and neutral scalars have been
made. Reference [51] made a comprehensive reinterpreta-
tion of neutralino pair production (χ01χ

0
2) to constrain the

production of H0A0 in the IHDM and obtained a limit
mA0 > 100 GeV for large mass splitting. Pair production of
charginos (χþ1 χ

−
1 ) was analyzed to put constraints on

H�H∓ production in a DM model with TeV scale colored
particles [97] and in the compressed IHDM [53].
In this section,we study the impact of LEP searches on the

parameter space of our model. For instance, LEP put strong
bounds on the pair production cross section of neutralino
pair production. However, these limits do not apply in the
considered scenario of the scotogenic model because the
tiny value of the coupling λ5 (of order 10−8 − 10−10)
required by the smallness of the neutrino masses forbids
off-shell decays, such asA0 → H0Z → H0ll, and therefore

yields an undetected final state. However, limits from
chargino pair production can be applied to our model.
Two processes can be used for such constraints: eþe− →
HþH− and eþe− → H0A0. The latter contribute, if λ4 > 0
and ΔH�H0 ¼ mA0;H0 −mH� > me;μ, through off-shell
decays. This contribution is proportional to ðΔH�H0Þ5
and, hence, is very small. Therefore, charged Higgs pair
production is the only process for which the exclusion limits
from LEP searches can be used to constrain our model. We
consider the results of the searches carried out by OPAL [95]
at

ffiffiffi
s

p ¼ 208 GeV and L ¼ 680 pb−1 of integrated lumi-
nosity to derive conservative limits on the model parameter
space, i.e., by assuming that the efficiency of the selection
is 100%.5

The pair production of the charged particle depends on
new Yukawa couplings and the gauge couplings. The first
contribution is proportional to

X3
k¼1

jhekj2 ¼ jhe1j2 þ jhe2j2 þ jhe3j2; ð12Þ

in the case of degenerate Majorana fermions. Because for
λ4 ≥ 0 the charged Higgs boson decays with a 100%
branching ratio into Nkl, the limits from chargino searches
can be used to constrain both the charged Higgs boson and
the mass splitting ΔH� defined by

ΔH� ¼ mH� −mN1
: ð13Þ

We consider two scenarios for the new Yukawa couplings:
(1) where the Yukawa matrix is chosen as follows,

hαj ¼ 10−2

0
B@

−60.86 − i0.20 −0.30 − i0.80 14.49 − i0.75

25.14 − i0.57 −1.12 − i2.49 40.87þ i0.24

3.70þ i0.62 1.10þ i3.88 −44.20þ i0.14

1
CA; ð14Þ

which we call the first scenario, and (2) where the coupling
combination in Eq. (12) is larger than the case of the first
scenario, while hek are still in agreement with all the
theoretical and experimental constraints (he1 ¼ −0.026þ
i0.042, he2 ¼ 2.22 − i0.081, he3 ¼ 0.32 − i0.0098). No-
tice that the charged Higgs bosons decay with a branching
ratio of 100% into Nkl, and the new Yukawa matrix
elements hek, k ¼ 1, 2, 3 are the only parameters sensitive
to LEP constraints.
In order to study the impact of the null results of the LEP

searches on the parameter space of our model, we compute
the r95%ðX0Þ ratio defined by

r95% ≡ r95%ðX0; hαjÞ

¼
σeþe−→HþH−ðX0; hejÞ × BR2

H�→Nkl�ðX0; hαjÞ
σobs:95%ðX0Þ

;

¼ σeþe−→HþH−ðX0; hejÞ
σobs:95%ðX0Þ

; ð15Þ

where σobs:95%ðX0Þ is the 95% CL observed upper bound on
the production cross section for the benchmark point
X0 ¼ ðmH� ;ΔH�Þ. In the second line of Eq. (15), we have
used BRðH� → l�NkÞ ¼ 1 since the semivisible decay

4However, radiative corrections generate such couplings at the
one-loop order (see, e.g., [54] for more details).

5A full analysis of the signal process at the detector level will
yield an efficiency that is always smaller than 100%. Therefore,
the limits we obtain in this study are more conservative.
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H0=A0 → H�W� is closed due to the choicemH0 −mH� >
MW . Note that the observed limit on the cross section does
not depend on hαj, while the predicted cross section does.
The null results of the searches for chargino pair production
imply that a particular benchmark point ðX0; hejÞ is
excluded if the production cross section in our model is
larger than the upper limit reported by LEP-II and, therefore,
if r95%>1. In Fig. 3, we depict the exclusions from chargino
pair production in the ðmH� ;ΔH�Þ plane. As can be seen
from the left panel of Fig. 3, all points are allowed by LEP
searches. However, in the second scenario, one notices that
the model is excluded for mH� < 100 GeV. A small
window corresponding to ΔH� < 5 GeV and 90 GeV <
mH� < 100 GeV is still allowed by these constraints.

III. CONSTRAINTS FROM LHC
SEARCHES AT 13 TEV

The model parameter space can be constrained by
reinterpreting several ATLAS and CMS searches for new
physics beyond the SM. In this study, we use the public tool
CheckMate [98–102], which is dedicated to the reinterpreta-
tion of LHC searches of new physics. Degenerate Majorana
neutrinos are chosen to avoid the possibility for displaced
vertices. The other parameters are fixed to avoid all the
other theoretical and experimental constraints [54], and
they are chosen to be

λ3 ¼ 8; mH� ¼ 95 GeV;

mH0 ∈ ½100; 200� GeV; and mNk
< mH0 : ð16Þ

The LHC searches used in this analysis are displayed in
Table I. The model parameter space can be affected by the
LHC searches displayed in Table I as we will show
explicitly. Details about the different searches performed
at the LHC and the model-dependent processes that are
sensitive to them are reported in the Appendix.

In our model, new sources of missing transverse energy
Emiss
T , namely, from right-handed neutrinos Ni, exist. These

new sources can be probed at colliders with events
triggered by large missing Emiss

T . However, Majorana
neutrinos cannot be produced directly because of the
absence of the vertices Z0NN̄, γNN̄, and HNN̄; right-
handed neutrinos are thus produced via the decays of the
exotic scalars.
In the degenerate window, since the decay A0 → H0Z0 is

kinematically forbidden, the scalar or pseudoscalar can be
produced in association with a charged scalar, which
subsequently decays to a charged lepton and a right-handed
neutrino. While the scalar and pseudoscalar may only
decay invisibly, we obtain a signal with a single lepton
and large missing Emiss

T . In this channel the most sensitive
LHC search comes from the work in [103], which searches
for SUSY in a final state with one isolated lepton. In the
case where the exotic scalars are pair produced, in the

TABLE I. A selected set of ATLAS and CMS searches that
were used in the reinterpretation study. These analyses are
implemented in CheckMate.

Analysis Experiment
Luminosity

(fb−1) Reference

atlas_conf_2016_050 ATLAS 13.3 [103]
atlas_conf_2016_066 ATLAS 13.3 [104]
atlas_conf_2016_076 ATLAS 13.3 [105]
atlas_conf_2017_060 ATLAS 36.1 [106]
atlas_1704_03848 ATLAS 36.1 [107]
atlas_1709_04183 ATLAS 36.1 [108]
atlas_1712_02332 ATLAS 36.1 [109]
atlas_1712_08119 ATLAS 36.1 [110]
atlas_1802_03158 ATLAS 36.1 [111]
cms_sus_16_025 CMS 12.9 [112]
cms_sus_16_039 CMS 35.6 [113]
cms_sus_16_048 CMS 35.9 [114]

FIG. 3. Results of reinterpretation of LEP searches of chargino pair production on the (ΔH� , mH� ) plan in the first scenario (left) and
second scenario (right).
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degenerate region, their decays lead only to missing Emiss
T ,

and one can tag this channel with a monojet from initial
state radiation. In these cases, LHC searches with photons
and jets are the most sensitive, with the largest amount of
missing Emiss

T found when the scalar or pseudoscalar mass
approaches the right-handed neutrino mass, and this is
where the bulk of the exclusion lies as can be seen from
Fig. 4 after the inclusion of all relevant LHC searches given
in Table I. Following the results of the reinterpretation
of LHC searches of new physics that we have shown in
Fig. 4, we choose the following benchmark points for the
mono-Higgs study:

100 GeV ≤ mH0 ¼ mA0 ≤ 200 GeV; mH� ¼ 95 GeV;

mN1
¼ mN2

¼ mN3
¼ 80 GeV; λ3 ¼ 8; ð17Þ

while the new Yukawa couplings are fixed to their values
shown in Eq. (14).

IV. MONO-HIGGS SIGNATURE

In this section, we describe different aspects of our
analysis. First we discuss the different parton level con-
tributions to the signal process as well as the possible
backgrounds and the corresponding cross sections in the
case of the γγ þ Emiss

T reconstructed final state. Then, we
discuss in depth the phenomenological setup used in our
analysis and event selection.

A. Signal and backgrounds

In this model, mono-Higgs production proceeds through
two different processes, i.e.,

pp → SSH → NiNjνν̄H ð18Þ

and

pp → NiNjH: ð19Þ

The corresponding Feynman diagrams are depicted in
Fig. 5. There are four contributions to the Higgsþ Emiss

T
signal in hadronic collisions which involve either the
production of an off-shell Higgs boson or a Z boson. In
Fig. 5(a), the off-shell Higgs boson splits into SSH, while
in Fig. 5(b), it involves a contribution from the SM Higgs
trilinear coupling λHHH. In Fig. 5(c), qq̄ annihilates into a
Z� which splits into two dark Higgses. In Fig. 5(d), the
contribution consists of two Majorana neutrinos produced

(a)

(c) (d)

(b)

FIG. 5. Parton level Feynman diagrams contributing to the mono-Higgs signal in hadronic collisions. Unlike the fourth diagram, the
first three diagrams are efficient only when the decays H0=A0 → W�H∓ have extremely small branching fractions.

FIG. 4. Exclusions from LHC searches for new physics atffiffiffi
s

p ¼ 13 TeV projected on the (mH0 , mN1
) plane. The color map

shows the CLs values. The area above the black line shows the
excluded regions corresponding to CLs < 0.05. The white shaded
area corresponds to both the regions that are forbidden by the
kinematical constraint mH0 > mN1

and the regions with CLs <
0.05 (since any region above the black line is already excluded).
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in association with a SM Higgs boson. The first and
second contributions interfere destructively (construc-
tively) for negative (positive) values of the HSS cou-
plings. We notice that the contribution of Fig. 5(c)
contributes about 95% of the total cross section. This
is unsurprising since this contribution occurs at the tree
level and is enhanced for large values of λL. Using simple
power counting, one notices that the total cross section
behaves as

σ ∝ jλ2LMa þ λLλHHHMbj2 þ jλLMcj2

þ j
X3
i;j¼1

ỹHNiNj
λHHHMdj2: ð20Þ

The contribution of Fig. 5(d) is proportional to the square
of the HNiNj coupling, which is one-loop induced [54],
and it is expected to be very small. In this regard, we define
the ratio R by

R ¼
P

3
i;j¼1 jỹHNiNj

j2
jλLj4

; ð21Þ

which gives a rough estimate of the relative contribution of
Fig. 5(d) to the signal cross section, where only the leading
contribution to SSH production (≃jλLj4) is included. We
show this ratio in Fig. 6 as a function of the mass splitting
ΔmNH0 ¼ mH0 −mNk

with a color map showing jλ3j. One
can see that this ratio can only be important for very small
values of λL, i.e., jλLj < 0.1. Given that this region is not
interesting from a phenomenological point of view as it
yields very small cross sections, we conclude that the
contribution of Fig. 5(d) can be safely neglected.
The cross section for the mono-Higgs production is

depicted in the left panel of Fig. 7. As expected, one can see
that the cross section is pretty small for the LHC at

ffiffiffi
s

p ¼
14 TeV with the maximum being σmax ≃ 53 fb for
mH0 ¼ 100 GeV, which increases by about an order of
magnitude at the FCC-hh with 100 TeV. Since the mass
splittingΔH�H0 can be as large as 100 GeV, the dark neutral
(pseudo)scalar does not always decay exclusively into an
invisible final state. Therefore, in order to correctly estimate
the number of events in a signal benchmark point, one has

FIG. 6. R, defined in Eq. (21), as a function ofmH0 −mN1
. The

color map shows the values of jλLj. The points shown in the plot
satisfy all the theoretical and experimental constraints discussed
in Sec. II.

FIG. 7. Left: Mono-Higgs boson production cross section as a function of the dark scalar mass mH0 ≃mA0 for mH� ¼ 95 GeV at the
LHC (solid line) and at a future 100 TeV collider (dashed line). We include the processes gg → H0H0H, gg → A0A0H, and
qq̄ → H0A0H. The depicted results were LO computed with MadGraph5_aMC@NLO. Right: Decay branching ratios of the dark scalar
particle as a function of the dark scalar mass for the values of the new Yukawa couplings shown in Eq. (14) and for
mN1

¼ mN2
¼ mN2

¼ 80 GeV.
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to correctly scale the corresponding cross section by
BRðH0 → invisibleÞ2. We show the dark scalar branching
ratios as a function ofmH0 in Fig. 7 (right). We can see that,
unless mH0 > 190 GeV, the invisible decays of H0 always
have a branching fraction larger than 90%.
The γγ decay channel represents a very clean signature

of the mono-Higgs final-state boson despite the smallness
of the corresponding branching ratio (which is about
≃0.23%). In this case, the following backgrounds have
to be considered.

(i) gg → H → γγ: In this background, the presence of
missing energy is due to the misidentification of soft
QCD radiation. However, it can be substantially
suppressed by requiring high missing transverse
energy as we will show later.

(ii) pp → ZH: Here, the Z boson decays to a pair of
neutrinos, which is an irreducible background. The
suppression of this background can be achieved by
applying specific selection criteria, e.g., on the
transverse mass of the (Higgs, Emiss

T ) system.
(iii) pp → W�H: Here, the W� boson decays into l�ν,

where the charged lepton escapes detection, i.e., not
passing the selection threshold. At the LHC, the
charged lepton efficiency is high, and therefore, we
expect that this background will have a small
contribution.

(iv) pp → Vγγ: Here, the V ¼ Z boson decays invisibly,
and the V ¼ W boson decays leptonically. The Zγγ
background is irreducible, contrarily to theWγγ. The
contribution of the latter can be reduced by imposing
a lepton veto in the selection procedure. Both
backgrounds have a weaker pT spectrum of the
identified photons. Therefore, their contribution can
be reduced by strong requirements on the pγ

T and the
invariant mass of the γγ spectrum.

(v) pp → Vγ: This background is similar to Vγγ.
(vi) pp → γγ þ jets: In the hadronic environment, there

is a possibility that pileup events will contribute to
fake high missing transverse energy. The rate of this
process is very high, and we opt to generate parton
level cross sections with some cuts on the pT of

photons and jets. The ATLAS [66] and CMS [71]
collaborations used different strategies to reduce
the contribution of this background, either by
defining some kinematical variables or by using
azimuthal separation between the reconstructed
Higgs candidate and the missing transverse energy.
These features will be discussed briefly in the next
subsection.

B. Phenomenological setup and event selection

The cross sections of the background processes are
depicted in Table II for both the LHC at

ffiffiffi
s

p ¼ 14 TeV
and FCC-hh at

ffiffiffi
s

p ¼ 100 TeV. The cross section of
gg → H was computed at NNNLO using SusHi [115,116]
version 1.6.1, which implements the results of [117–121].
The rates for the W�H and ZH processes were estimated
at NNLO [118,122], including NLO EW corrections
[123] and top quark mass effects [124], using the public
package VH@NNLO [125] version 2.0.3. In all the NNLO
calculations, the CT10 PDF set [126] was used with
αsðM2

ZÞ ¼ 0.118. The cross section for Vγ and Vγγ was
evaluated at NLO using MadGraph5_aMC@NLO [127] with the
NNPDF30 PDF sets [128]. The estimate of the γγ process
(excluding the H contribution) was done using SHERPA

version 2.2.5 [129], where inclusive samples of multiplicity
up to four jets in the final state are merged using the CKKW
matching scheme [130] and a merging scaleQ0 ¼ 20 GeV.
Events for both the signal and the backgrounds were

generated using MadGraph5_aMC@NLO and PYTHIA8 [131] at
LO in QCD. Background events involving the Higgs boson
were generated and decayed with PYTHIA8, while Vγ and
Vγγ events were generated using MadGraph5_aMC@NLO

including the leptonic decays of the massive electroweak
gauge bosons. The γγ þ jets events were generated with
PYTHIA and normalized to their rate at NLO. Since the rate
of this process is huge, and most of the events will be
vetoed in the initial selection, events are generated with a
pmin
T;γ ¼ 70 GeV, and jηγj < 2.5. Events for gg → H were

scaled by a K factor of 3.2 using the results of SusHi, while
VH events were scaled by a factor of 1.6. All the

TABLE II. Cross sections for processes contributing to the Higgsþ Emiss
T background. The numbers outside (inside) the brackets refer

to the rates at 14 (100) TeV. Details about the computation are explained in the text. Here, σ × BR refers to σðgg → HÞ × BRðH → γγÞ
for gg → H, to σðpp → ZHÞ × BRðH → γγÞ × BRðZ → ν̄lνlÞ for ZH, to σðpp → W�HÞ × BRðH → γγÞ × BRðW� → l�νlÞ for the
case of W�H, and to σðpp → W� þ nγÞ × BRðW� → l�νlÞ þ σðpp → Z þ nγÞ × BRðZ → ν̄lνlÞ for V þ nγ; n ¼ 1, 2.

Process σ × BR [fb] Generator Perturbative order

gg → H 128.54ð1.94 × 103Þ SusHi [115,116] NNNLO
W�H 1.16(12.59) VH@NNLO [125] NNLO
ZH 0.52(7.34) VH@NNLO [125] NNLO
Vγγ 51.99(621.96) MadGraph5_aMC@NLO [127] NLO
Vγ 42.89 × 103ð397.04 × 103Þ MadGraph5_aMC@NLO [127] NLO
γγ þ jets 4.19 × 106ð52.81 × 106Þ SHERPA [129] NLO
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FIG. 8. The acceptance times the efficiency (A × ϵ) for the signal after each step of the event selection as a function of the dark Higgs
mass for

ffiffiffi
s

p ¼ 14 TeV (left) and
ffiffiffi
s

p ¼ 100 TeV (right). We show A × ϵ after the “2 Photons” selection step (blue), for the events
passing the “Photon PT” selection (red), after the photon isolation selection denoted by “Ratio Tag” (purple) and for events in which the
invariant mass of the diphoton system falls in the interval mγγ ∈ ½110; 160� GeV (rose). The efficiencies for the two signal regions are
shown in green (ATLAS signal region) and in black (tight selection).

TABLE III. Cut flow for the H → γγ final state at the LHC at
ffiffiffi
s

p ¼ 14 TeV and for 3 ab−1 of luminosity.

Cuts SM Higgs Vγγ, Vγ γγ þ jets Signal S=B

Initial events 322359 128432167 24030000 365 2.4 × 10−6

2 photons 168005 2548352 6837913 218 2.3 × 10−5

Photon PT 150570 1177335 6317283 189 2.5 × 10−5

Ratio tag 135720 830147 5582001 168 2.6 × 10−5

Invariant mass 135492 174358 2066511 166 6.9 × 10−5

ATLAS signal region 98 151 0 89 0.35
Final selection 29 5 0 32 0.94

TABLE IV. Cut flow for the H → γγ final state at the LHC at
ffiffiffi
s

p ¼ 100 TeV and for 3 ab−1 of luminosity.

Cuts SM Higgs Vγγ, Vγ γγ þ jets Signal S=B

Initial events 5885817 1192995664 252090000 5147 3.5 × 10−6

2 photons 2597337 18298491 73202377 2287 2.4 × 10−5

Photon PT 2272845 8405387 67325991 1941 2.5 × 10−5

Ratio tag 2051298 6134810 59189681 1753 2.6 × 10−5

Invariant mass 2048497 1228567 21714801 1741 6.9 × 10−5

ATLAS signal region 4882 1889 0 1036 0.15
Final selection 2215 315 0 612 0.24

TABLE V. Selection rule used to enhance the significance for the Hð→γγÞ þ Emiss
T final state.

Signal region Cuts

ATLAS signal region pγγ
T > 90 GeV, SEmiss

T
> 7.

Tight selection pγγ
T > 90 GeV, SEmiss

T
> 7,

Emiss
T > 200 GeV, pγ

TðleadÞ > 40 GeV
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background events were showered with PYTHIA. DELPHES3
was used for fast detector simulation [132].
The analysis of events was carried out at the detector

level using implemented efficiencies, and misidentification
rates in DELPHES where the parameters are tuned for the
ATLAS experiment and extrapolated for a future FCC-hh
[133]. Events pass a preselection stage where all the objects
(leptons, jets, photons, and missing ET) are kept. The
acceptance times the efficiency (A × ϵ) is depicted in Fig. 8
as a function ofmH0 for

ffiffiffi
s

p ¼ 14 TeV and
ffiffiffi
s

p ¼ 100 TeV.
The cut flow for the event selection is shown in Tables III
and IV. Events are selected if they contain at least two
photons with pγ

T > 25 GeV and jηγj < 2.37. This selection
is denoted by “Photon PT” in Fig. 8 and Tables III and IV.
In addition, we do not impose any requirement on the
multiplicity, hardness, and flavor compositions of jets or
the multiplicity of charged leptons. The photons that pass
the initial selection will be subject to further isolation cuts
(as in [66]), and the photon candidates are ordered by their

transverse momentum. The two leading photons are used to
reconstruct a Higgs candidate. Further, the ratio of the
transverse momentum to the invariant mass pγ

T=mγγ is
required to be larger than 0.35 (0.25) for the leading
(subleading) photon. Moreover, a cut on the invariant mass
of the diphoton system is imposed; namely, events are
selected if 110 GeV < mγγ < 160 GeV. In some cases,
events in the γγ and γ þ jets backgrounds contain large fake
transverse missing energy, which is due to the fact that, in
such events, the vertex with larger

P
p2
T (where the sum

runs over all the tracks) does not come from the primary
vertex but from the pileup.6 Both the ATLAS and CMS
collaborations used sophisticated methods to reduce the
contribution of pileup to missing transverse energy. The
ATLAS Collaboration has defined a new variable SEmiss

T
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FIG. 9. Normalized distributions for the signal and the backgrounds at
ffiffiffi
s

p ¼ 14 TeV. Here, we show the transverse momentum
of the leading photon pγ

T (top left), the transverse momentum of the diphoton system pγγ
T (top right), missing transverse energy

Emiss
T (bottom left), and the SEmiss

T
defined in Eq. (22) (bottom right). The color coding is a follows: SM Higgs processes are shown in

green, Vγ and Vγγ are shown in blue, and γγ þ jets are shown in gray. We show here the signal for mH0 ¼ 100 GeV (black) and
mH0 ¼ 160 GeV (rose).

6A primary vertex is defined as the spatial point where proton-
proton collisions occur.
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SEmiss
T

¼ Emiss
TffiffiffiffiffiffiffiffiffiffiffiffiP
iE

i
T

p ; ð22Þ

where i corresponds to all the objects (photons, jets, and
leptons) used to construct the missing transverse energy.
In addition, to improve the resolution of the Emiss

T , tracks
and clusters not associated with the diphoton primary
vertex are not used to reconstruct Emiss

T [66]. The CMS
Collaboration used variables that characterize the back-
to-back event topology of the signal events [for instance,
jΔΦðEmiss

T ; p⃗γγÞj]. By requiring that such a quantity is
larger than 2.1, only events where the reconstructed
Higgs and missing transverse energy are back to back
are selected. Therefore, the contribution from, e.g., γγ
backgrounds is significantly reduced.
We compare the approaches used by ATLAS and CMS

to reduce the contribution from γγ þ jets backgrounds,
on our benchmark points; we find that they produce results
that agree with each other. We follow the ATLAS selection
criteria throughout this study. We define two signal regions:
the mono-Higgs signal region (denoted by the ATLAS
signal region in this paper) and a tight signal region.

The kinematical quantities and selection rules are displayed
in Table V. In the two signal regions, we require that the
invariant mass of the diphoton system falls inside the
interval ½115; 135� GeV. Furthermore, we require that
events contain no lepton (either electron or muon) with
pl
T > 10 GeV and jηlj < 2.5.
At

ffiffiffi
s

p ¼ 14 TeV, we can see from Table III that the
signal-to-background ratio (S=B) can go from ≃10−5
(after the first selection) to about ≃1 in the mono-Higgs
signal region. In addition, the efficiency of the signal for
mH0 ¼ 100 GeV is A × ϵ ≃ 25% in the ATLAS signal
region. For the FCC-hh at 100 TeV, the signal-to-
background ratio can go up to ≃0.24 in the tight signal
region. If one requires, in addition to the tight selection
rules, that pγ

T > 60 GeV (for the leading photon) and
pγ
T > 50 GeV (for the subleading photon), the signifi-

cance can increase to around ≃20 but the statistics goes
down by about an order of magnitude.

V. RESULTS AND DISCUSSION

In Figs. 9 and 10, we display the normalized
distributions of some key observables used in the
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FIG. 10. Same as in Fig. 9 but for
ffiffiffi
s

p ¼ 100 TeV.
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signal-to-background optimization. We can see that the
pγ
T of the leading photon is stronger for the signal than

in the backgrounds, with a slightly high peak value for
the signal case. The transverse momentum of the dipho-
ton system (top right panel of Figs. 9 and 10) is a good
discriminator. This can be understood as follows: The
Higgs candidate (reconstructed from the two photons) is
produced in association with heavy particles (resulting in a
hard missing transverse energy spectrum), and therefore
the corresponding recoil implies a harder pT than in the
backgrounds (especially SM Higgs backgrounds and
γγ þ jets). The same observation applies to the Emiss

T
(bottom left panel). The SEmiss

T
shows a very important

discriminatory power between the signal and the back-
grounds. The condition used by the ATLAS Collaboration
to define the mono-Higgs signal region (SEmiss

T
> 7) can be

considered as an optimum. This is clear because requiring
higher values for Smin

Emiss
T

will not only reduce the back-

grounds but also diminish the signal.We report a difference
between the results of our work and those in the ATLAS
paper regarding the SEmiss

T
and pγγ

T variables; in the ATLAS
paper, γγ and γ þ jets events can still have some contri-
bution to these variables (in the hard region) due to the
presence of pileup events (which are not taken into account
in our analysis). However, the number of events is still not
very important, e.g., about 10 events for SEmiss

T
> 7 at

ffiffiffi
s

p ¼
13 TeV and L ¼ 36.5 fb−1. We can assign the differences
in the modeling to an additional systematic uncertainty
(see below).
To quantify the discovery potential of the signal, we

estimate the significance defined by [134,135]

S ¼
ffiffiffi
2

p �
ðsþ bÞ log

�ðsþ bÞðbþ δ2bÞ
b2 þ ðsþ bÞδ2b

�

−
b2

δ2b
log

�
1þ δ2bs

bðbþ δ2bÞ
��

1=2
; ð23Þ

where s and b refer to the number of signal and background
events, respectively, and δb ¼ xb is the uncertainty on
the background events. Before discussing the results of
our sensitivity projections, we comment on the possible
sources of systematic uncertainties and their impact on the
background contribution. First, there are uncertainties
related to missing higher order corrections and PDFþαs.
Uncertainties due to scale variations are usually determined
by varying the renormalization and factorization by a factor
of 2 in two directions, resulting in an envelope composed
of nine possible variations (assuming no correlations with
the PDF uncertainties). These uncertainties on the SM
Higgs backgrounds are small due to the high precision
calculations (2.5%–6% for mγγ=GeV ∈ ½110∶160�).
Following the recommendation of the PDF4LHC working
group [136], PDFþ αs uncertainties can be estimated by

combining both the variations of the same PDF set (used in
the calculation of the cross section) with the variations due
to alternative PDFs.7 The size of the envelope spanned by
all the variations defines the uncertainty due to PDFþ αs.
In the signal region, such uncertainties are very small for
SM Higgs backgrounds and can be of order 1.2%–2.5%
[66]. An additional component of the theory uncertainty
comes from the calculations of the H → γγ branching ratio
which is of order 1.73% [137]. The uncertainties on the
nonresonant backgrounds can be larger than on the reso-
nant backgrounds. In the analysis of [66], they were
estimated directly from data and were of order 0.1%–
9.8% in the 110 < mγγ=GeV < 160 region. On the other
hand, there are three major experimental uncertainties in
the γγ þ Emiss

T final state: luminosity, photon identification
efficiency, and pileup reweighting. The total uncertainty on
the background contribution including both resonant and
nonresonant processes was estimated by the ATLAS
Collaboration to be about 15%.8 In this work, we compute
the signal significance by taking into account the statistical
uncertainty only or the statistical uncertainty in addition to
a systematic uncertainty of order 5%, 10%, and 20%.
In Fig. 11, we plot the significance of the signal process

at L ¼ 3000 fb−1 as a function of the dark Higgs massmH0

for both the HL-LHC and FCC-hh. We show the signifi-
cance in the ATLAS mono-Higgs signal region (left panels)
and in the signal region defined in our paper by the tight
selection (right panels). We can see that masses up to 140
(160) GeV can be probed at the LHC (FCC-hh) if one
assumes a total uncertainty of about 5%.

VI. CONCLUSIONS AND OUTLOOK

In this work, we carried out a complete study of the
mono-Higgs signature in the scotogenic model in the limit
of degenerate neutral scalars with a focus on the γγ final
state at both the LHC-HL and FCC-hh. After revisiting the
collider constraints from LEP and LHC run II, we have
shown that a considerable region of the parameter space is
still allowed, which is already excluded in general scenar-
ios. Using the most significant benchmark points, we have
shown that this model can be probed at the LHC-HL and
the FCC-hh in the Hð→γγÞ þ Emiss

T channel with 3 ab−1 of
integrated luminosity. The final state we considered has a
small rate compared to the other production mechanisms of
Majorana DM; however, due to the cleanliness of the γγ

7According to the recommendations of PDF4LHC, the central
PDF set is NNPDF30, while the two alternatives are CT10 and
MMHT.

8The ATLAS Collaboration reported on the total error without
specifying the contribution of systematic uncertainties. However,
the CMS Collaboration [71] reported both the contribution of the
statistical error which is the dominant one and the systematic
error to the total uncertainty. In the signal region (defined as the
high-pmiss

T in the CMS paper), the total systematic uncertainty is
≃1.6%.
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decay channel and the high efficiency of photon identi-
fication at hadron colliders, we have shown that it can be
used to probe our model. In summary, we have found that
scalar masses up to 150 (160) GeV can be probed at the
LHC (FCC-hh) assuming a 5% systematic uncertainty. We
stress, however, that these results can be significantly
improved by the use of multivariate techniques such as
boosted decision tree or neural networks and by including
other decay channels of the SM Higgs boson with larger
branching fractions. We point out the importance of the
mono-Higgs signature to probe the scalar coupling λL,
which cannot be probed using, e.g., monojet searches
of DM.
For the case of degenerate H0=A0 states, i.e., for λ5 ≃ 0,

and for mH� ¼ 95 GeV, the dark scalars decay exclusively
to a SM lepton (charged lepton or neutrino) and a Majorana

fermion. Therefore, the mono-Higgs analysis itself is blind
to the absolute values of the new Yukawa couplings as well
as to the number of Majorana fermions with mass below the
scalar dark Higgs (mNk

< mH0). This conclusion can apply
to all the production channels of dark scalars at hadron
colliders. It is worth investigating the potential of other
channels and observables to pin down such parameters.
Below, we briefly discuss some methods to determine the
new Yukawa couplings.

(i) Higgs flavor violating decays. The SM Higgs boson
is expected to undergo lepton flavor violating decays
in the scotogenic model. These decays are one-loop
induced with the exchange of a charged scalar and
Majorana fermions [Fig. 12(a)]. The ATLAS and the
CMS collaborations have searched for these decays
channels at

ffiffiffi
s

p ¼ 8⊕ 13 TeV (see, e.g., [138,139]).

FIG. 11. Signal significance as a function of the dark Higgs massmH0 at
R
dtL ¼ 3000 fb−1 in the ATLAS mono-Higgs signal region

(left panels) and after the tight selection (right panels) for the LHC at
ffiffiffi
s

p ¼ 14 TeV (top panels) and for the FCC-hh at
ffiffiffi
s

p ¼ 100 TeV
(bottom panels). In all the panels, the solid line corresponds to the significance with the inclusion of the statistical uncertainty only, while
dot-dashed, dotted, and dashed lines include a 5%, 10%, and 20% systematic uncertainty (summed in quadrature with the statistical error
in the corresponding signal region).
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The null results were used to put severe limits on the
LFV Higgs decays, i.e., BRðH → μτÞ < 0.25% and
BRðH → eτÞ < 0.61% [139]. Possibly observing
one or more of these decay channels can be used
to constrain one or several combinations of the new
Yukawa coupling (these processes are also quad-
ratically dependent on gHH�H� ∝ λ3, which can still
have large values).

(ii) Precision measurement of lepton pair production at
lepton colliders. In the scotogenic model, a pair of
charged leptons (eþe− → lþ

i l
−
j ) can be produced

with a decent rate at center-of-mass energies below
or above the Z-boson pole [Fig. 12(b)]. Of these
processes, the ones with i ≠ j are particularly
interesting since they have almost zero cross section
in the SM. Therefore, measurement of both inclusive
and differential rates in lþ

i l
−
j can be used to extract

several combinations of the new Yukawa couplings.
(iii) Direct production at lepton colliders. Inert scalars

and Majorana fermions are the most sensitive
channels of the new Yukawa couplings (they can
also be used as model discriminators; see, e.g.,
[140]). Production of Majorana fermions (in asso-
ciation with photons, leptons, or Z bosons), either in
the prompt mode or from the decay of dark scalars,
is possible in the scotogenic model [in Fig. 12(c) we
display an example of a Feynman diagram for
NjNkγ production].
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APPENDIX: RECASTING OF LHC SEARCHES
OF NEW PHYSICS AT

ffiffi
s

p
= 13 TeV

In Sec. III, we studied the impact of the LHC searches of
new physics beyond the SM on the parameter space of the
scotogenic model with a Majorana dark matter. We discuss
here the phenomenological setup of the event generation
and a brief description of the analyses used in the
reinterpretation effort. The analyses implemented in
CheckMate are listed in Table I.

(i) atlas_conf_2016_050 [103]: The ATLAS Collabo-
ration has searched for new phenomena in the final
state consisting of 1lþ ðbÞjetsþ Emiss

T at 13.3 fb−1

of luminosity. These searches focused on the super-
symmetric partner of the top quark and also on DM
production in association with a pair of top quarks.
Upper bounds on the stop quark mass (for different
assumptions regarding its decay branching ratios)
were implemented. Furthermore, limits on DM
simplified models were obtained and presented on
a plane of the DM mass and pseudoscalar mediator
mass for a coupling gDM ¼ 3.5.

(ii) atlas_conf_2016_066 [104]: Using a data set corre-
sponding to 13.3 fb−1 of luminosity, searches of new
physics in the final state consisting of one photon,
jets, and large Emiss

T is performed by the ATLAS
Collaboration. These searches were used to probe
supersymmetric models with gauge-mediated super-
symmetry breaking, where neutralinos decay into a
photon and a gravitino. Limits were put on the mass
of a degenerate gluino state; i.e., mg̃ > 1800 GeV
for a large range of neutralino (the next-to-lightest
supersymmetric particle, NLSP, which is a mixture

FIG. 12. Feynman diagrams of processes sensitive to the new Yukawa couplings. We show here theH → lilj, i ≠ j [diagram (a)], the
one-loop induced eþe− → lþ

i l
−
j [diagram (b)], and an example of direct production of Majorana fermions [diagram (c)].
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of the Higgsino and the bino) masses and mg̃ >
2000 GeV for high neutralino mass.

(iii) atlas_conf_2016_076 [105]: A search of stop pair
production and DM production in association with tt̄
has been performed using 13.3 fb−1 of integrated
luminosity. This search targeted final states com-
posed of two charged leptons, jets, and large Emiss

T .
From the nonobservation of a beyond-the-SM sig-
nal, 95% CL model-independent upper limits on the
visible cross section were obtained (they vary
between 0.38 fb and 1.18 fb depending on the
analysis strategy).

(iv) atlas_conf_2017_060 [106]: Using a larger data set
corresponding to 36.1 fb−1, a search for new physics
in the monojet final state (1 jetþ Emiss

T ) is per-
formed. Good agreement with the SM expectation
was observed. As a consequence, exclusion limits on
different models (with pair-produced weakly inter-
acting DM candidates, large extra dimensions, and
SUSY particles in several compressed scenarios)
were obtained.

(v) atlas_1704_03848 [107]: A search for new physics
in the monophoton final state (1γ þ Emiss

T ) with a
data set corresponding to L ¼ 36.1 fb−1 was per-
formed. Here, 95% CL limits were put on models
with s-channel pseudoscalar mediators, effective
field theory models, and on the production of a
heavy Z0 decaying into Zð→ ννÞ þ γ.

(vi) atlas_1709_04183 [108]: A search for stop pair
production was performed using the final state 0lþ
ðn ≥ 4Þjetsþ Emiss

T at luminosity 36.1 fb−1. The null
searches were used to put exclusion limits on the
top-squark and neutralino masses.

(vii) atlas_1712_02332 [108]: The final state consisting
of (2–6) jetsþ Emiss

T at the luminosity 36.1 fb−1,
recorded by the ATLAS detector, was used to search
for squarks and gluinos. Here, 95% CL lower limits
on gluino masses (mg̃ > 2.03 TeV) and squark
masses (mq̃ > 1.55 TeV) were implemented.

(viii) atlas_1712_08119 [110]: The final states with two
low-momentum leptons and missing transverse mo-
mentum are used to search for electroweak produc-
tion of SUSY particles in scenarios with compressed
mass spectra at the luminosity 36.1 fb−1 recorded by
ATLAS. Exclusion limits on SUSY particle masses
are established.

(ix) atlas_1802_03158 [111]: Using 36.1 fb−1 of lumi-
nosity, photonic signatures (single photon and
diphoton) in association with large Emiss

T are con-
sidered to look for SUSY particle production in
generalized models of gauge-mediated super-
symmetry breaking, using 36.1 fb−1 recorded by
ATLAS. In these models, lower limits of 2.15 TeV,
1.82 TeV, and 1.06 GeV are set on the masses of
gluinos, squarks, and a degenerate set of winos,

respectively (for any value of the bino mass less than
the mass of these produced states).

(x) cms_sus_16_025 [112]: The final state of two low-
momentum opposite-sign leptons and missing trans-
verse momentum in events recorded by CMS at
luminosity 12.9 fb−1 of data collected at 13 TeV, to
search for many new physics model candidates. The
observed data yields are compatible with the SM
predictions, and upper bounds of 175 GeV on
charginos and the next-to-lightest neutralino are
set, with a mass difference of 7.5 GeV with respect
to the lightest neutralino.

(xi) cms_sus_16_039 [113]: Using the data recorded by
CMS at 13 TeVand a luminosity 35.9 fb−1, the final
state of multileptons is considered to search for
neutralinos and charginos that are weakly produced.
In simplified SUSY models, these negative searches
were interpreted as exclusions on the mass interval
180–1150 GeV.

(xii) cms_sus_16_048 [114]: Using the same CMS data
set, the final state consisting of two low-momentum,
oppositely charged leptons with missing transverse
momentum is used to search for new physics.
Negative search results implied exclusions on the
winolike masses up to 230 GeV for a 20 GeV mass
difference relative to the lightest neutralino, and the
Higgsino-like masses are excluded up to 168 GeV
for the same mass difference. In addition, the top
squark masses up to 450 GeV are excluded for a
mass difference of 40 GeV relative to the lightest
neutralino.

Several processes in the scotogenic model are sensitive
to these searches. These processes lead to different final
states: lþl− þ Emiss

T , 1γ þ Emiss
T , monojet, and 1lþ jetsþ

Emiss
T among others. First, charged Higgs boson pair

production will lead to a final state composed primarily
of two isolated charged leptons and a large Emiss

T . In some
cases, where one charged lepton escapes the detection, this
final state can be triggered as 1lþ jetsþ Emiss

T where the
jets are produced in initial-state radiation. For small mass
splittings (ΔH� ¼ mH� −mNk

), the missing transverse
energy triggered by the Majorana fermion is even larger
and thus gives high sensitivity. Production of a CP-odd
(CP-even) dark scalar in association with a charged Higgs
boson (pp→H0H�) leads exclusively to 1lþ jetsþEmiss

T .
We also considered the mono-V process with V ¼ W, Z,
which contributes to a final state composed of multijets
(n ≥ 2) and large transverse missing energy. On the other
hand, monophoton and monojet processes are also possible
in this model. For monojet production, we generated
S0S0 þ n jets (S0 ¼ H0, A0) using MadGraph5_aMC@NLO

[127] with jet multiplicity up to three jets. We matched
these inclusive samples using the MLM matching scheme
[144]. PYTHIA 8.155 [145] was used for showering and
hadronization. We have added by hand the PDG codes of
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the three Majorana fermions (which should be considered
as invisible particles) to the HCAL modules of the DELPHES

card using the following commands:
add EnergyFraction 1000022 {0.0}

add EnergyFraction 1000023 {0.0}
add EnergyFraction 1000024 {0.0}

with the numbers inside the first brackets corresponding to
the PDG codes of the Majorana fermions Nk.
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