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The Standard Model has endured several decades and repre-
sents themost accurate description of naturewe have.Despite
the fact that it represents most probably the best description
for the electroweak and strong interactions in nature, we have
at least two conclusive evidences that the Standard Model
is not complete: (i) through the observation of neutrino
oscillations we have established nonzero neutrino masses;
(ii) a collection of cosmological and galactic observations
requires the presence of nonbaryonic dark matter in our
universe. The absence of explanations of these two facts
within the Standard Model strongly motivates the quest for
theory extensions.

Hence, it is paramount to explore new physics directions
where these observables and their phenomenological impli-
cations are addressed in order to pave the road towards a new
Standard Model accounting for all the observed phenomena
in nature.

This special issue presents a collection of reviews of some
of the most accredited extensions of the Standard Model
explaining the origin of neutrino masses and/or the dark
matter component of the Universe, as well as original works.

The special feature includes works trying to give an
unified description for neutrinos masses in the context of
the SU(5) symmetry (“Neutrino Mass, Coupling Unification,
Verifiable Proton Decay, Vacuum Stability, and WIMP Dark
Matter in SU(5)”, by B. Sahoo et al.) as well as those trying
to connect neutrino masses to some flavor groups such as

(27) (“Fermion Masses and Mixings in a 3-3-1 Model with
$Delta(27)$ Family Symmetry and Inverse Seesaw Mech-
anism”, by A. C. Hernández et al.). In these frameworks,
the neutrino mass matrix can get complicated and it is
mandatory to investigate its phenomenological impact. The
study along this line has been presented by the manuscript
“Investigating the Hybrid Textures of Neutrino Mass Matrix
for Near Maximal Atmospheric Neutrino Mixing”, by M.
Singh, which investigated the impact of hybrid textures on the
neutrinomassmatrix for nearmaximal atmospheric neutrino
mixing. The mixings and oscillations in the neutrino sector
were scrutinized in long-baseline experiments by P. Pasquini
in “Long-Baseline Oscillation Experiments as a Tool to Probe
High Energy Flavor Symmetry Models”.

Still, in the context of neutrino mass mechanisms, one
popularmethod to explain neutrinomasses is via the addition
of Majorana neutrinos which gives rise to neutrinoless
double beta decay. The implications have been studied in a
model with the SU(3)xSU(3)xU(1) gauge group (“LowerMass
Bound on the𝑊 Mass via Neutrinoless Double Beta Decay
in a 3-3-1 Model”, by A. C. O. Santos and P. Vasconcelos).
Theseworks altogether encompass several aspects of neutrino
physics going from theory to experimental signatures.

As far as dark matter is concerned, one paper nicely tied
neutrino masses to dark matter (“Neutrino Mass and the
Higgs Portal DarkMatter in the ESSFSM”, byN. Khan), while
another focused on having a viable dark matter candidate
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in a popular model where baryon and lepton numbers are
promoted to gauge symmetries (“𝑍 Portal Dark Matter in
the Minimal B – L Model”, by S. Okada). Implications to
some recent flavour anomalies are connected to dark matter
which is detailed in the work entitled “Anomalies in 𝑏 →
𝑠 Transitions and Dark Matter”, by A. Vicente. A broader
perspective of such dark matter models was detailed in the
paper by E.Morgante in “SimplifiedDarkMatterModels”.We
also have papers discussing darkmatter in the context of well-
motivated supersymmetric models “The Discreet Charm of
HiggsinoDarkMatter: APocket Review”, byK.Kowalska and
E.M. Sessolo, and cosmic-ray physics “Impact of Cosmic-Ray
Physics onDarkMatter Indirect Searches”, byD.Gaggero and
M. Valli.

In summary, this special issue contains important works
that will allow the reader to be up to date with neutrino
and dark matter physics that goes from a more theoretical
perspective to an experimental one.
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I review the construction of simplifiedmodels for darkmatter searches. After discussing the philosophy and some simple examples,
I turn the attention to the aspect of the theoretical consistency and to the implications of the necessary extensions of these models.

1. Introduction

Producing and studying the properties of the dark matter
(DM) particles at the LHC are an extremely exciting possi-
bility that would open the door to a new understanding of
the interplay between astrophysics, cosmology, and particle
physics. Essentially all the naturalness-inspired scenarios can
accommodate the presence of a good dark matter candidate:
a neutral and very long-lived particle that was copiously
produced in the early universe and then lost thermal contact
with the SM (if it ever occurred) leaving a relic density
ΩDM ∼ 0.26 of cold particles. The fact that such a stable
weakly interacting massive particle with a mass around the
weak scale has automatically a relic abundance close to the
measured one is a remarkable property which is often dubbed
WIMP miracle. The LHC is a perfectly suited machine to
look for this kind of particles, and current bounds from
ATLAS and CMS complement those from direct and indirect
searches.

A key task in these studies is that of choosing a theoretical
framework to compare with data and compare the results of
different experiments. Given the plethora of particle physics
models beyond the SM providing a WIMP candidate, it is
highly desirable to study the signatures of this DM candidate
in a model-independent way. In the early stages of the LHC,
this was achieved by means of the effective field theory
approach (EFT). In this framework, the StandardModel (SM)
is complemented by a set of non-renormalizable operators
that parametrize the interaction of the DM particle with SM
fields in terms of one effective scale Λ and of the DM mass

𝑚𝜒 [1]. The EFT approach has proven to be very useful in
the analysis of LHC Run I data [1–15], because of the great
advantage of giving bounds that are as model-independent
as possible: for a given choice of the spin of the DM particle,
the number of operators that can couple it to the SM and
may give interesting signatures at the LHC is limited, for a
fixed mass dimension. Since direct and indirect detection of
WIMPs, as well as WIMP production at the LHC, all require
an interaction of the WIMPs with the SM particles, and such
an interaction may be generated by the same operator, the
EFT approach has the additional advantage of facilitating
the analysis of the correlations between the various kinds of
experiments.

The important drawback of the EFT description is its
intrinsic energy limitation. At energies larger than some cut-
off Λ, the contribution of higher dimension operators to the
computation of scattering amplitudes becomes comparable to
the lower ones, signalling the breakdown of perturbativity.
More in particular, if the EFT is seen as the low energy
limit of a theory with a mediator of mass 𝑀 which is above
the energy scale probed by the experiment, the cutoff is
obtained asΛ2 ∼ 𝑀2/𝑔2, where 𝑔 is some combination of the
coupling constants, and the theory is valid up to amomentum
exchange 𝑝2 ≲ 𝑀2 ∼ Λ2, where we have assumed
𝑔 ∼ 1. In direct and indirect detection this constraint is
typically satisfied thanks to the low velocity of the incoming
particle. On the other hand, the momentum exchanged in
the partonic interactions at the LHC is of order few TeV,
larger than the values of Λ that can be excluded within the
EFT framework, making the naı̈ve EFT bounds unreliable
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except for values of the couplings close to the perturbative
bound 𝑔 ≲ 4𝜋 [16–18]. In principle this does not mean that
the EFT approach is not useful. Recasting procedures can be
adopted to rederive bounds considering only a fraction of
the events in the simulation that correspond to those which
fulfil the requirement on the momentum [17, 19]. Clearly, the
new bounds would be much weaker, but their simplicity still
suggests that they should not be disregarded.

Partly in response to the problems of EFTs, and partly
inspired by their rich phenomenological implications, in
more recent years the LHC community has turned its
attention to the tool-kit of simplified models. Such models
are characterized by the most important state mediating
the interaction of the DM particle with the SM, as well
as the DM particle itself (see, for example, [14, 20–24]
for early proposals). Including the effect of the mediator’s
propagator allows avoiding the energy limitation of the EFT,
and simplified models are able to describe correctly the full
kinematics of DM production at the LHC, at the price of
a moderately increased number of parameters. As we are
going to discuss below, the introduction of simplified models
opens a new set of possibilities compared to the simpler
EFT approach, while opening at the same time a set of new
questions.

This paper is structured as follows. In Section 2, we are
first going to describe the construction of DM simplified
models from a bottom-up approach, providing some exam-
ples in Section 3. Then, in Section 4, we will point out
the theoretical issues of such a construction, introducing a
second generation of simplified models that have gained a
lot of attention in recent times. Section 5 will contain our
conclusions.

Thorough discussions about simplified DM models may
be found in [25–30]. The second-generation models of
Section 4 are discussed in [31, 32].Thediscussion in this paper
will be partly based on [33].

2. Philosophy of Simplified DM Models

As in the case of the EFT, the idea behind simplified
models is to provide a good representation of possibly all
realistic WIMP scenarios within the energy reach of the
LHC, restricting to the smallest possible set of benchmark
models, each with the minimal number of free parameters.
Simplified models should be complete enough to give an
accurate description of the physics at the scale probed by
colliders, but at the same time they must have a limited
number of new states and parameters.

The starting point is always the SM Lagrangian, comple-
mented with a DM particle and a mediator that couples to
it, through renormalizable operators, to quarks and gluons,
which is necessary for the production of these states at
a hadron collider. A coupling to other SM particles can
be included as well and will add interesting experimen-
tal signatures to the model. In general, some simplifying
assumptions can be made: for example, one can take all
couplings to be equal, or the couplings to third genera-
tion’s quarks to be dominant. Interactions that violate the
accidental global symmetries of the SM must be handled

with great care. Indeed, constraints on processes that violate
these symmetries are typically very strong andmay overcome
those coming from DM searches or even rule out all of the
interesting parameter space of the simplified model. For this
reason, CP, lepton number, and baryon number conservation
is typically assumed, together with minimal flavour violation
(MFV). (Constraints on BSM models from CP and flavour
violating observables are very strong, and the energy scale
at which new physics may show up must be larger than
tens of TeV in the best case, if the flavour structure of the
model is generic. Minimal Flavour Violation is a way to
reconcile these constraints with possible new physics at the
TeV scale [34]. The basic idea is that the structure of flavour
changing interactions must reproduce that of the SM. The
SM is invariant under the flavour group G𝐹 = SU(3)𝑞 ×
SU(3)𝑢 × SU(3)𝑑, except a small breaking associated with the
Yukawamatrices𝑌𝑢 and𝑌𝑑.The invariance is restored if these
matrices are regarded as “spurions” with transformation law
𝑌𝑢 ∼ (3, 3, 1) and 𝑌𝑑 ∼ (3, 1, 3). Imposing MFV amounts
to requiring that new physics is invariant under G𝐹.) Even
with this assumption, there are cases in which constraints
fromflavour physicsmay be stronger than those coming from
mono-X searches [35] (see also [36] for a discussion of a non-
minimally flavour violating dark sector).

Most simplified models of interest may be understood as
the limit of a more general new physics scenario, where all
new states but a few are integrated out because they have a
mass larger than the energy scale reachable at the LHC or
because they have no role in DM interactions with the SM.
Similarly, in the limit where the mass of the mediator is very
large, the EFT frameworkmay be recovered by integrating out
the mediator. On the contrary, there are new physics models
which cannot be recast in terms of vanilla simplified models,
typically because more than just one operator is active at the
same time, possibly interfering with each other.The situation
is summarized in Figure 1.

Even if this may sound obvious, we should stress that
the correspondence between simplified models and EFT is
not one to one. Simplified models that involve mediators
of different spin nature may give rise to the same effective
operator after a Fierz rotation, as pointed out in [19] with the
example of aMajoranaDMparticle embedded in a𝑍 model
or a SUSY-inspired model with coloured scalar mediators in
the t-channel.

Even when a simple correspondence between the EFT
and the simplified model is assumed, limits on the EFT can-
not be readily translated onto the simplified model because
of the possible resonant enhancement (that would make
the limit stronger) or the typically softer missing energy
spectrum (that would weaken the limit) [37]. Moreover,
the different missing energy spectrum may require ad hoc
optimization strategy by the experimental searches, and
considering mediators of different mass requires different
optimization for each case. Finally, models with a heavy
mediator that would correspond to the EFT limit tend to
predict a too large relic DM density (assuming no deviation
from the standard cosmological history and no states other
than the SM ones to annihilate into) and are therefore less
appealing as a model of DM [38].
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Figure 1: Left: a simplified model viewed as a sector of a more general new physics scenario. The SM is complemented by the DM particle
𝜒 and a mediator 𝑍. Other heavy states 𝑋1, 𝑋2, 𝑋3, . . . may be integrated out because they are very heavy. Centre: in the case in which the
mediator 𝑍 itself has a very large mass, it may be integrated out as well and the interaction is mediated by effective operators. Right: in a
generic setup the DM-SM interaction is mediated by a number of operators, possibly interfering with each other. Moreover, additional states
𝑌1, 𝑌2, 𝑌3, . . . that do not couple directly to DMmay be present. Those states can constitute a new handle on the dark sector, other than DM.
The ‘less simplified’ models described in Section 4 fall in this category.

From the point of view of LHC searches, the enlarged
physical spectrum and parameter space of simplified models
with respect to the EFT represents a challenge, and a greater
variety of search channels is involved. While within the EFT
approach the mono-X searches hold the stage, simplified
models of DM can be constrained also with multi-jet +
MET searches, with di-jet and di-leptons resonance searches
and many others, depending on the degree of sophistication
and on the ingredients of the model. Interestingly, many of
these searches do not involve the DM particle, but only the
mediator, and constraints are often stronger than the mono-
X ones. On the other hand, the EFT is still a useful tool when
dealingwith strongly coupled theories, where a description in
terms of a perturbative simplifiedmodel is not viable [39, 40].

3. First Generation of Simplified Models

3.1. 𝑠-Channel Mediators. We are now going to list a few
examples of the simplified models of relevance for LHC
searches, starting with those that include a fermionic DM 𝜒
(which for nowwe assume to be a Dirac spinor, but this is not
necessary) and a mediator exchanged in the 𝑠-channel. The
models under consideration are the following:

L𝑉 ⊃ 1
2𝑚

2
𝑉𝑉𝜇𝑉𝜇 − 𝑚𝜒𝜒𝜒 − 𝑔𝜒𝑉𝜇𝜒𝛾𝜇𝜒 − 𝑔𝑖𝑗𝑞𝑉𝜇𝑞𝑖𝛾𝜇𝑞𝑗, (1)

L𝐴 ⊃ 1
2𝑚

2
𝐴𝐴𝜇𝐴𝜇 − 𝑚𝜒𝜒𝜒 − 𝑔𝜒𝐴𝜇𝜒𝛾𝜇𝛾5𝜒

− 𝑔𝑖𝑗𝑞𝐴𝜇𝑞𝑖𝛾𝜇𝛾5𝑞𝑗,
(2)

for a spin-1 mediator and

L𝑆 ⊃ −1
2𝑚

2
𝑆𝑆2 − 𝑚𝜒𝜒𝜒 − 𝑦𝜒𝑆𝜒𝜒 − 𝑦𝑖𝑗𝑞 𝑆𝑞𝑖𝑞𝑗 + h.c., (3)

L𝑃 ⊃ −1
2𝑚

2
𝑃𝑃2 − 𝑚𝜒𝜒𝜒 − 𝑖𝑦𝜒𝑃𝜒𝛾5𝜒 − 𝑖𝑦𝑖𝑗𝑞 𝑃𝑞𝑖𝛾5𝑞𝑗

+ h.c..
(4)

for a spin-0 mediator, where 𝑉,𝐴, 𝑆, 𝑃 stand for a vector,
axial-vector, scalar, or a pseudoscalar mediator, respectively,
𝑞 = 𝑢, 𝑑 and 𝑖, 𝑗 = 1, 2, 3 are flavour indices. In the heavy
𝑚med limit, the mediators can be integrated out, recovering
the effective operators:

D1: 𝑚𝑞Λ3 𝜒𝜒 𝑞𝑞

D4: 𝑚𝑞Λ3 𝜒𝛾
5𝜒 𝑞𝛾5𝑞

D5: 1
Λ2𝜒𝛾𝜇𝜒 𝑞𝛾𝜇𝑞

D8: 1
Λ2𝜒𝛾𝜇𝛾

5𝜒 𝑞𝛾𝜇𝛾5𝑞

(5)

where the nomenclature was first adopted in [1].
Let us briefly point out, and we will come back to this in

Section 4, that the scalar and pseudo-scalar models of (3), (4)
are not gauge invariant. This may lead to spurious results in
processes where a 𝑊/𝑍 boson is emitted. Moreover, in the
axial-vectormodel perturbative unitarity is violated in a large
portion of parameter space. We will return to these issues in
Section 4.

Consistently with the MFV hypothesis, we force the
couplings to be diagonal: 𝑔𝑖𝑗𝑞 = 𝑔𝑖𝑞𝛿𝑖𝑗. Moreover, we assume
them to be flavour-blind in the (axial-)vector case and
proportional to the SM Yukawa in the (pseudo)scalar ones:

𝑔𝑖𝑑 = 𝑔𝑖𝑢 ≡ 𝑔𝑞,

𝑦𝑖𝑗𝑞 ≡ 𝑦𝑚𝑖
V
𝛿𝑖𝑗

for 𝑖 = 1, 2, 3.

(6)

In this way the spin-0 models have an enhanced coupling to
the third generation’s quarks, which makes the phenomenol-
ogy quite different from the spin-1 models, both because of
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Figure 2: Feynman diagrams for the production of a DM pair in
association with a quark or a gluon, leading to a mono-jet signature.
Additional diagrams obtained by exchanging a fermion and a anti-
fermion, aswell as the ones obtained by permuting the gluon vertices
in the loop in the (pseudo)scalar case, are neglected. The diagrams
enclosed in the dashed box in the 𝑡-channel model are suppressed
in the EFT limit.

the different production mechanism (gluon fusion with a top
loop instead of 𝑞𝑞 annihilation) and because of the possibility
of constraining suchmodels with searches in 𝑏/𝑡 channels. As
an example, Figure 2 shows the Feynman diagrams involved
in the calculation of the mono-jet cross section.

In addition to the parameters of the Lagrangian, in the
calculation of scattering amplitudes onemust also include the
decay width Γ of the mediator, which can be thought as a
free parameter that encodes the unknown decay probability
to other particles belonging to the dark sector. In this case, in
the computation of the cross sections the couplings constants
factor out and they affect only the normalization of the cross
section through their product 𝑔𝑞𝑔𝜒, while the spectra depend
only on themasses𝑚med, 𝑚𝜒.The problemwith this approach
is that, typically for large values of𝑚med, the benchmark value
of Γ becomes smaller than the sum of the partial widths
for decays into DM and quarks, which makes the choice
unphysical [38]. To avoid the problem it is usually assumed
that the mediator can not decay into particles other than the
SM ones and, depending on its mass, the DM, and the width
is computed accordingly as

Γ = Γ𝜒 +∑
𝑓

Γ𝑓 + Γ𝑔𝑔 (7)

This is usually referred to as the “minimal width assumption”.
Even if this choice eliminates one parameter, its drawback

is that now the cross sections depend nontrivially on the
couplings:

𝜎 ∝
𝑔2𝜒𝑔2𝑞

(𝑠 − 𝑚2med)
2 + 𝑚2medΓ2

(8)

where Γ at the denominator depends on 𝑔𝜒, 𝑔𝑞. Nevertheless,
in most cases the dependence on the couplings is less impor-
tant than the one on the masses, and so it is a good choice to
fix the couplings and let themass vary, thus presenting results
as exclusion plots in the plane𝑚𝜒 versus𝑚med. Following the
recommendations of the LHC Dark Matter Working Group,
useful benchmarks for the vector (V) and axial-vector (A)
models are as follows [41, 42]:

𝑉: {{
{

𝑔𝜒 = 1, 𝑔𝑞 = 0.25, 𝑔ℓ = 0
𝑔𝜒 = 1, 𝑔𝑞 = 0.1, 𝑔ℓ = 0.01

𝐴: {{
{

𝑔𝜒 = 1, 𝑔𝑞 = 0.25, 𝑔ℓ = 0
𝑔𝜒 = 1, 𝑔𝑞 = 0.1, 𝑔ℓ = 0.1

(9)

The exclusion lines that LHC draws have typically a
simple structure. In MET+X searches in which DM is pair
produced from themediator and recoils against a SM particle
(a photon, a hadronic jet or other) that is necessary to tag the
event, the best sensitivity is obtained for𝑚med > 2𝑚𝜒, where
DM can be produced on resonance and the cross section is
consequently enhanced. On the other hand, for𝑚med < 2𝑚𝜒,
the cross section is suppressed. (In the mono-jet channel, for
𝑚med ≲ 2𝑚𝜒, the LHC at 14 TeV with 300 fb−1 is sensitive
to O(1) couplings only for 𝑚𝜒 ≲ O(100 GeV), while for
m𝜒 ∼ 1 TeV it is sensitive only to couplings of order 𝑔𝜒 ⋅ 𝑔𝑞 ≳
10 [25]) Finally, for large 𝑚med the EFT limit is recovered,
but then again the constraining power is suppressed by the
large𝑚4med.Mono-jet limits in this region extendup to around
1.5 − 2 TeV, depending on the search, on the choice of vector
or axial-vector mediator and to the values of the couplings
(see, e.g., Figures 3 and 4 of [43] for the dependence of the
𝑚med limit on the values 𝑔𝑞, 𝑔𝜒). This gives rise to a typical
triangular shape in the exclusion plots sketched in Figure 3
(see, e.g., [44] for a very recent example of such an exclusion
plot in the mono-𝑍/𝑊 channel).

Sometimes, it proves very useful to show the constraints
on 𝑠-channel simplified models in the plane 𝑚med − Λ
for fixed 𝑚𝜒, where Λ = 𝑚med/√𝑔𝑞𝑔𝜒 is defined as the
contact interaction scale. In this plane, the bounds have
the typical shape shown in the right panel of Figure 3. For
light mediator (Region I), DM production proceeds off-
shell, and the cross section is suppressed (compared to the
corresponding EFT result) by (𝑚4med/𝑠2), where √𝑠 can be
estimated as min(MET2, 𝑚2𝜒). In Region II, the mediator is
produced on-shell, and the cross section is enhanced. In this
region the limit depends on the choice of the width Λ, as the
cross section scales as 𝑔2𝜒𝑔2𝑞/(𝑚2medΓ2). Finally, in Region III,
the EFT limit is recovered.
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Figure 3: Left: sketch of the limits obtained frommono-X analysis in the𝑚med −𝑚𝜒 plane (left, adapted from [32]) and in the𝑚med −Λ plane
(right, adapted from [37]).

Missing transverse energy searches are not the only
handle that we have on simplified models. Searches for the
mediator, for example, in the resonant di-jet channel, can lead
to more stringent bounds in 𝑚med for the same value of the
coupling to quarks 𝑔𝑞.

Constraints on 𝑠-channel simplified models have been
obtained by numerous groups, with a particular attention
to the case of a (axial-)vector mediator, due to the prob-
lematic nature of the (pseudo)scalar models of (3), (4) (see
the discussion in Section 4). Mono-jet constraints were
discussed in [45–50]. A thorough comparison of mono-jet
searches to di-jet searches, direct detection limits, darkmatter
overproduction in the early universe, and constraints from
perturbative unitarity is performed in [43, 51–54]. In [55,
56] the problem of deriving limits for arbitrary values of
the coupling constants starting from the benchmark ones is
addressed. The case for a light DM (thus evading constraints
from direct searches) is analysed in [22, 57, 58].

A very interesting phenomenology arises in the case
where the couplings to third-generation quarks is larger than
the couplings to the first two, as it is the case in the spin-0
models with MFV introduced above. Strong constraints on
these models come from searches for one or two 𝑏-tagged jet
+METand 𝑡𝑡+MET (see [59] for an early proposalwithin the
EFT framework and [28, 48, 60–64] for a discussion in terms
of simplified models). Summarizing, for light DM (𝑚𝜒 =
1 GeV) current bounds obtained in the 𝑡𝑡 + MET channel
can exclude couplings 𝑔 ≳ 1 up to𝑚med ≲ 100 GeV [63, 64],
while this value can decrease to≈ 0.5 at the end of the planned
LHC runs [62]. These values are similar in magnitude to
the ones obtained by a mono-jet analysis (see, e.g., [61]),
which are much weaker than in the (axial-)vector case due
to the assumed SM-Yukawa-like structure, which suppresses
the coupling to light quarks. Still, LHC searches can provide
the most stringent limit in some region of parameter space,
complementing those coming from direct detection and
from the relic abundance constraint and proving once more
the importance of the complementarity of different probes
[61].

3.2. 𝑡-Channel Mediators. Another interesting possibility is
that of a coloured fermionic mediator with an interaction

vertex between quarks and theWIMP resulting in a 𝑡-channel
exchange, as with squark in supersymmetric models:

L = LSM +∑
𝑖

(𝑔𝑖𝐿𝑄
𝑖

𝐿𝑄𝑖𝐿 + 𝑔𝑖𝑢𝑢𝑖𝑅�̃�𝑖𝑅 + 𝑔𝑖𝑑𝑑
𝑖

𝑅𝑑𝑖𝑅) 𝜒

+mass terms + 𝑐.𝑐.,
(10)

where 𝑄𝑖𝐿, 𝑢𝑖𝑅, 𝑑𝑖𝑅 are the usual SM quarks, 𝑄𝑖𝐿, �̃�𝑖𝑅, 𝑑𝑖𝑅 cor-
respond to the respective scalar mediator (the squarks),
and 𝑖 represents a flavour index. Unlike the usual case
in supersymmetry, here the WIMP 𝜒 can be taken to be
either Dirac or Majorana fermion. This model is extensively
analysed in [65–72]. While in the model above the flavour
index is carried by the mediators, it could be the case that
this index is assigned to the DM itself. This is the so-called
“flavoured DM” scenario [73, 74]

As it can be easily understood, also in the case of
𝑡-channel mediators the phenomenology depends on the
relative values of the couplings and of the masses involved.
Theminimal flavour violation hypothesis forces the couplings
𝑔𝑖 and the masses of the scalars𝑚𝑖 to be equal. This assump-
tion can be relaxed for the third generation. Particularly
interesting is the case in which the coupling to the third
generation is enhanced, and strong constraints come from
searches for 𝑏, 𝑡 quarks in the final state [25, 74–81]. A distinct
phenomenology arises in the case of small couplings, in
which the relic density is obtained by a out-of-equilibrium
freeze-out mechanism and exotic collider signatures such as
disappearing tracks and displaced vertices [80, 81].

Two interesting features of this model are worth listing
that makes it qualitatively different from its low energy EFT
limit. Firstly, being the squarks coloured, gluons may be
emitted not only as initial state radiation but also from the
mediator itself. This process is suppressed in the EFT limit
by two powers of 𝑀med, and this makes a large qualitative
difference in the kinematic distribution within the simplified
model and the corresponding operator. Secondly, when
the mediator is light enough, its pair production becomes
kinematically accessible, and an event like 𝑝 𝑝 → 𝑞 𝑞 →
𝑞𝜒 𝑞𝜒 leads to a di-jet + MET signature (or in general jets
+ MET, when additional jet radiation is taken into account).
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Interestingly, this signature with two high-𝑝T jets leads to
constraints stronger then themono-jet one on a large portion
of parameter space, except for the compressed region |𝑚med−
𝑚𝜒| ≪ 𝑚med [70].

An interesting phenomenology arises in the case in which
the 𝑡-channel mediators couple DM to both quarks and
leptons, as in [82, 83]. Radiative corrections in this model
strongly alter the spectrum of the Drell-Yan process 𝑞𝑞 →
ℓ+ℓ−. With this signal, one can probe “compressed regions”
that are difficult to probe in direct searches for mediators
like jets + MET searches. Moreover, these features can be
used to make qualitative statements about dark matter’s self-
conjugation, mass, spin, and chirality of interactions.

3.3. Other Models. In addition to the models listed above,
many interesting ones may be constructed that cannot be
addressed here. Those include spin-2 mediators [84], t-
channel fermionic mediators, fermiophobic scalar mediators
[85], gluphylic mediator models [86–88], models with SM
portals (Higgs or 𝑍) [89], models of scalar DM [90], vector
DM [91, 92], Higgs portal models with DM of diverse spin
number [93–95], and others. A recent and comprehensive
review is given in [30]. Interesting cosmological features of a
model in which DM couples predominantly to the top quark
are explored in [96]. In this case, it is possible to obtain
the correct abundance with annihilations of DM particles to
heavier states, at the tail of the velocity distribution.

4. Less Simplified Models

4.1. A Critical Look. The simplified models that we discussed
so far can be viewed as an improvement of effective operators,
where the effective scale Λ4 is replaced with a propagator’s
denominator (𝑝2−𝑀2)2+Γ2𝑀2 in order to avoid energy lim-
itations and exploit resonant enhancement in the production
cross section.This is one step above in a bottom-up approach.
Nevertheless, the models described above suffer from other
limitations and are not fully self consistent, as we are going to
illustrate in a moment.

The reason why the theoretical consistency of the sim-
plified models is important is twofold. On the one hand,
violation of perturbative unitarity can lead to spuriously large
predictions (e.g., in the process of 𝑊 emission), leading
to artificially strong bounds on the parameter space of the
model. On the other hand, thinking of a full UV completion
from which simplified models may descend, theoretical
consistency is a necessary requirement at the level of the
full theory. One could argue that this may not be the case
for the simplified model, since other fields belonging to the
full theory may restore the desired consistency. While this is
generically true, these additional fields may add interesting
ingredients to the phenomenology of the model, as they
may produce new final states at the LHC and modify the
annihilation cross section that enters the relic abundance cal-
culation and the indirect detection fluxes, and their inclusion
is therefore mandatory.

4.1.1. Gauge Non-Invariance of the (Pseudo-)Scalar Model.
The scalar and pseudo-scalar models of (3), (4) aremanifestly

not gauge invariant. The problem comes with the Yukawas
of the scalar mediator: assuming the DM is a singlet under
the SM group, the invariance of the term 𝑆𝜒𝜒 forces 𝑆 to be
a singlet as well, while for the Yukawas with the SM quarks
𝑆𝑞𝑞 and 𝑃𝑞𝛾5𝑞 the mediator should transform as a doublet.
Clearly such a model can exist only as a consequence of
EW symmetry breaking, and the DM-SM interaction has to
be suppressed at low energy by some power of VEW/𝑚med
[97, 98]. Clearly, a UV completion of the model is necessary.

As we will detail below, this issue can be fixed if the
mediator is assumed to couple at tree level only to theDMand
to the Higgs through the gauge invariant portal terms 𝑆|𝐻|2,
𝑆2|𝐻|2, etc. that gives rise to a non-zero mixing angle after
EW symmetry breaking [98–101]. This construction can be
replicated for a pseudo-scalar, with the advantage of avoiding
strong direct detection bounds, but at the price of introducing
a new source of CP violation [102–104].

In [98], the model of (3) in compared to three possi-
ble consistent variations of it: first, the one in which the
coupling of the scalar mediator to SM quarks is suppressed
by VEW/𝑚med; second, the model in which the mediator
is replaced with the Higgs itself and the coupling to the
DM particle is suppressed by the same factor; finally, the
Higgs portal model including the 𝑆 − ℎ mixing mentioned
above. Naively, one could think that the 𝑆-mediator and
the ℎ mediator models can provide good approximations of
the Higgs portal model. This is true only for large 𝑆 mass
(𝑚𝑆 ≳ 1 TeV for 𝑚𝜒 = 50 GeV, or 𝑚𝑆 ≳ 5 TeV for
𝑚𝜒 = 400 GeV), in which case theHiggs portal resembles the
model with the Higgs as a mediator, because the heavy scalar
𝑆 can be integrated out. On the other hand, for lower masses
the behaviour of the Higgs portal model descends from the
interplay of the twomediating particles ℎ and 𝑆, and the limits
can be both stronger or weaker than the ones obtained in
the two single-mediator models. In the case 𝑚𝜒 > 𝑚ℎ/2,
where the mixing angle is not constrained by the Higgs-to-
invisibles branching ratio, the DM production cross section
is dominated by 𝑆 exchange, and in the heavy 𝑆 limit a bound
𝑀⋆ ≳ 20 GeV can be imposed, where

1
𝑀3
⋆

≈ 𝜆 sin𝛼 cos𝛼
V𝐻𝑚2ℎ

, (11)

𝛼 being the mixing angle and 𝜆 the coupling of the scalar 𝑆 to
the DM particle [98].

A model of this kind naturally replicates the SM Yukawa-
like structure of (3), (4) and displays promising experimental
signatures (mono-jet, heavy quarks,mono-V, see [32] and ref-
erences therein). Nevertheless, the mixing angle 𝜖 is strongly
constrained by Higgs physics measurements (in particular
the decay rate into invisible particles and the Higgs signal
strength that are respectively enhanced and reduced by a non-
zero mixing angle), and it does not add anything new to the
LHCmodels’ toolbox. An interesting option is to extend it to
a two Higgs doublets model (2HDM) with the addition of a
singlet scalar, evading all such constraints [101, 105].

4.1.2. Gauge Non-Invariance and Violation of Perturbative
Unitarity. The vector and axial-vector simplified models of
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(1), (2) are not in general invariant under the full SM
gauge group SU(3)𝑐 × SU(2)𝐿 × U(1)𝑌 but only under the
unbroken subgroup SU(3)𝑐 × U(1)e.m.. In particular, if the
couplings to up and down quarks are different the mediator
does not couple to the left handed quark doublet but to its
two components separately, thus breaking gauge invariance.
Similarly, the 𝑡-channel model of (10) is not gauge invariant
unless the scalar mediator 𝑄𝑖𝐿 is charged and transforms as
(2, −1/2) under SU(2)𝐿 ×U(1)𝑌. Violation of the electroweak
gauge symmetry can lead to spuriously enhanced cross
section for DM production with the initial state radiation
of a 𝑊 boson [97, 106]. This problem does not only affect
the mono-𝑊 searches: 𝑊 can indeed decay hadronically,
enhancing the signal in the mono-jet search. For example,
in the case of a vector mediator with opposite sign couplings
to up and down quarks, this process dominates the mono-
jet cross section for �𝐸𝑇 > 400 GeV [107]. Similar issues
should be present when considering 𝑍 or 𝛾 emission. In
passing, this example shows that constraints descending from
the internal consistency of the model cannot be neglected
even when restricting to a particular MET search such as
the mono-jet one that at first sight looks safe. Referring to
the case of a vector mediator, different couplings of the up
and down quarks can be made compatible with perturbative
unitarity if an appropriate vertex 𝑊𝑊𝑍 is added (where 𝑍
is the new vector mediator), in similarity to what happens
for the 𝑍 boson in the SM. In the t-channel model, instead,
perturbative unitarity is restored if 𝑊 emission from the
charged mediator’s line is included in the calculation.

4.1.3. Violation of Perturbative Unitarity with a s-Channel
Axial-Vector Mediator. In the axial-vector model (2) the cou-
pling to the longitudinal mode of the mediator is enhanced
for heavy fermions by the ratio 𝑚𝑓/𝑚𝐴. In particular, con-
sidering the elastic scattering of fermions (both SM fermions
or DM) the perturbative unitarity bound on this model reads
𝑚𝑓 ≲ 𝑚𝑍/(√2𝑔𝐴𝑓 ) [108], where 𝑓 may stand for both a
SM fermion or the DM particle. Even if such a bound is
satisfied, perturbative unitarity is still violated in the process
of 2 fermions annihilation into 𝑍𝑍, which is important for
the calculation of the relic density and for indirect detection.
In order to restore unitarity some additional ingredient has
to be invoked. In particular, what violates unitarity is the
longitudinal mode of the 𝑍 boson; therefore the addition to
the model of a scalar particle, invariant under the SM gauge
group, that give rise to its mass via Higgs mechanism serves
the purpose. In this case, the condition on the mass of the 𝑍
would be the following [108]:

√𝜋 𝑚𝑍
𝑔𝐴D𝑀

≥ max [𝑚𝑠, √2𝑚DM] , (12)

where 𝑚𝑠 is the mass of the new scalar. At this point, it is
clear that such an issue is not present in the vector model,
because the mass of the mediator in that case can be obtained
via a Stueckelberg mechanism without the need of additional
particles (see [109] for further discussion).

4.1.4. Invariance of the SM Yukawas. Again referring to the
axial-vector model of (2), if this is thought as a gauge
extension of the SM, then the SM fermions must be charged
under the new gauge symmetry (we restrict for simplicity to a
U(1) theory, often referred to as a “𝑍model”).Therefore, the
Yukawa terms𝐻𝑄𝐿𝑑𝑅 are gauge invariant only if the Higgs is
charged as well, with 𝑞𝐻 = 𝑞𝑞𝐿 − 𝑞𝑢𝑅 = 𝑞𝑑𝑅 − 𝑞𝑞𝐿 = 𝑞𝑒𝑅 − 𝑞ℓ𝐿
(which is zero only if the SM fermions are vector-like under
the new symmetry, as in the 𝐵 − 𝐿 case) [108]. From this
relation one sees that leptons have to be charged in thismodel,
thus resulting in strong constraints from di-lepton searches.
Another important consequence is that, after electroweak-
symmetry breaking, the SM 𝑍 and the 𝑍 have a non-zero
mixing angle, and a tree level ℎ𝑍𝑍 vertex appears, with
important phenomenological consequences and a complicate
interplay between the two effects [110, 111].

4.1.5. Cancellation of Gauge Anomalies. If the interaction of
DMwith SM fermions is due to an extended gauge symmetry,
in order for the theory to be consistent at the quantum level
the charge assignment under the new gauge group cannot be
generic. If all the fermions of the dark sector are uncharged
under SU(3)𝑐 × SU(2)𝐿 ×U(1)𝑌, then the SM ones must have
charges chosen in such away to cancel themixed anomalies of
the dark gauge group with the SM. It can be shown that for a
U(1) theory this forces the charges to be a linear combination
of the SM hypercharge 𝑌 and of 𝐵 − 𝐿 [112]. This implies
that the mediator must couple to leptons, leading to tight
constraints from resonance searches in the di-lepton channel
(see, e.g., [110]).

Alternatively, additional heavy fermions, charged under
the SM, may be added to the model. The mass of these
fermions cannot be arbitrarily large: in order to cancel the
anomalies, they must be chiral at least under the dark gauge
group, and their mass is given by the vev of the dark Higgs.
Fortunately, imposing the invariance of the SMYukawa terms
as discussed above in Section 4.1.4, it turns out that the
gluon-gluon-𝑍 anomaly automatically cancels, and the new
states need not to be coloured, reducing their impact on
LHC searches [108]. On the other hand, they will enter the
calculation of loop induced processes such as two photons
decays that are not calculable in an anomalous theory and are
relevant for indirect searches [110, 113]. (Anomalous models
can be studied within a specific EFT framework, in which
the required additional heavy fermions are integrated out,
resulting in a set of effective Chern-Simons terms that must
be added to the theory [114])

4.2. The U(1) Model. This model is one of the simplest
possible extensions of the SM, in which the gauge group
is enlarged by an additional U(1), spontaneously broken
by the vev of a scalar field 𝑠, singlet under the SM, that
gives mass to the dark gauge boson 𝑍. As mentioned above,
interesting features come from this construction. First, the
invariance of the SM Yukawas force the Higgs to be charged
under U(1) whenever the charges of the left- and right-
handed SM fermions differ from one another. Second, and
consequently, the Higgs kinetic term includes interactions
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with the 𝑍 boson, that induce after EW symmetry breaking
a 𝑍𝑍ℎ that may have an impact on indirect detection [110].
Moreover, the dark Higgs 𝑠 enriches the phenomenology,
both at the LHC and in the calculation of annihilation rates.
Finally, in consistent models that implement gauge anomaly
cancellation the SM leptons must typically be charged and
couple to the 𝑍, which is therefore constrained by resonant
di-lepton searches. (The coupling to leptons can be avoided by
adding new fermions with nontrivial transformations under
the SM gauge group such that all anomalies cancel [115], or
in models where the DM carries a non-zero baryon number
[116–119].) This constraint may be evaded if the 𝑍 is lighter
than the SM 𝑍, thus escaping resonant searches [120].

A number of studies have addressed DM 𝑍 models
with respect to LHC, direct and indirect searches, as well
as its cosmological implications [53, 121–126]. If DM is a
Dirac fermion, its nonrelativistic scattering off nuclei is spin-
independent, and direct detection constrain the DM mass
to be larger than ∼ 1 TeV [125]. Such a strong constraint
is lifted if the DM is a Majorana fermion, since the vector
bilinear 𝜒𝛾𝜇𝜒 vanishes exactly and only the axial-vector one
is left. In models in which the mediator couples to leptons
with a coupling similar in magnitude to the one to quarks
(as required by anomaly cancellation) resonant di-lepton
searches forces the 𝑍 to be heavier than ∼ 3 − 4 TeV,
depending on the couplings and on the structure of fermionic
charges [127]. Di-jet searches can exclude 𝑚𝑍 ≲ 2.5 TeV
for a coupling 𝑔𝑞 ≈ 0.25, see [128]. Mono-jet searches are
typically weaker than the di-jet ones, reaching𝑚𝑍 ≲ 1.5 TeV
for 𝑔𝑞 = 0.25, 𝑔𝜒 = 1 and for𝑚𝜒 < 𝑚𝑍/2 [129].

The dark Higgs becomes relevant when the annihilation
rate is concerned. Indeed, the 𝑠𝑍 annihilation channel pro-
ceeds in 𝑠-wave and, therefore, it dominates the cross section
for indirect detection and for the relic abundance calculation
[130], together with the 𝑠𝑠, 𝑍𝑍, and 𝑍ℎ channels [130, 131].
In particular, the additional channels and operators increase
the DM annihilation rate, thus reducing the relic abundance
and alleviating constraints from DM overproduction in the
early universe. Moreover, mono-dark-Higgs signals can be
looked for at the LHC, with the typical signature being DM
produced in association with a scalar resonance 𝑠 decaying
to a highly boosted 𝑏𝑏 pair [131]. In this case, the expected
LHC sensitivity extends up to𝑚𝑍 ≲ 3.5 TeV,𝑚𝜒 ≲ 600 GeV
for 𝑚𝑠 = 50 GeV, or higher for heavier 𝑠. In general, such a
model can be viewed as a model with two mediators that in
some limitmay reduce to a spin-1 or to a spin-0mediator [53].

4.3. Two Higgs Doublets (plus One Singlet) Models and DM.
Models in which the (pseudo-)scalar mediator that couples
to DM obtains its coupling to SM quarks from mixing with
a second Higgs doublet have received a significant attention
recently. With respect to the scenario in which the singlet
mixes directly with the SM Higgs discussed in Section 4.1.1,
in this model the Higgs branching ratios and signal strength
are not modified. Moreover, both a scalar and a pseudo-
scalar mediator can be accommodated without adding new
sources of CP violation. Indeed, in the presence of a second
doublet, there are 8 spin-0 fields, three of which get ‘eaten’
by the 𝑍,𝑊± after symmetry breaking, thus leaving one

charged scalar field, twoneutral ones and one neutral pseudo-
scalar, which the dark mediator can mix with. The pseudo-
scalar case is particularly interesting in view of the fact that
its low energy effective vertex 𝑞𝑖𝛾5𝑞𝜒𝑖𝛾5𝜒 leads to the both
spin- andmomentum-suppressed non relativistic interaction
(→𝑠 𝜒 ⋅ →𝑞 )(→𝑠 𝑁 ⋅ →𝑞 ) [132, 133], on which constrains from direct
detection are poor.

A thorough discussion of 2HDM (not related to DM) is
given in [134]. The model of interest here, where the 2HDM
is complemented with an additional pseudo-scalar mediator
and with a DM fermion, is described in detail in [135]. In
general, the model counts many free parameters, many of
which can be fixed by requiring that Higgs and precision EW
tests are not spoiled, and by the requirement of the stability
of the scalar potential. In particular, one of the two Higgs
states is assumed to have SM-like couplings, while the second
doublet couples to SM vectors only at loop level: this is the
so-called alignment/decoupling limit. Moreover, the neutral
scalar, pseudo-scalar, and the charged components of the
second Higgs doublet are assumed to have the same mass. A
typical choice is then to fix theDMYukawa coupling to 1, and
the DM mass to a benchmark value of 10 GeV. The model
then consists of 4 free parameters, which are typically chosen
to be the mass of the pseudo-scalars 𝑚𝑎, 𝑚𝐴, the ratio of the
VEVs tan𝛽 = V1/V2 and the 𝑎 − 𝐴mixing angle 𝜃.

In the context of DM, many search channels have been
used to constrain this class of models. In particular, searches
for mono-jet/𝛾/𝑍/𝑊/𝐻, non-resonant dijets, single top as
well as 𝑡𝑡, 𝑏𝑏, 𝑏𝑏𝑍, all in association with missing transverse
energy, have been explored [62, 101, 104, 105, 135–142]. As
usual, constraints come also from visible channels (i.e., where
no invisible DM particle is produced), as well as indirect
detection and cosmology. Finally, all the usual concerns about
2HDM coming from flavour physics, EW precision tests,
invisible Higgs decays, vacuum stability and perturbative
unitarity apply too.

The Higgs’ width to invisibles constrains is 𝑚𝑎 ≳
100 GeV, while flavour constraints forces are tan𝛽 ≳ 1. The
most powerful searches are then the mono-Z and the mono-
H ones that can exclude tan𝛽 up to 2 for values of 𝑚𝑎 up to
200−350 GeV, depending on the values of𝑚𝐴 and sin 𝜃. For
further details we refer the reader to [135].

Interestingly, since in such amodel the coupling of DM to
the heavy quarks is naturally enhanced, the Galactic Centre
excess could be explained by a model which is testable at the
LHC [139, 143].

Let us just mention another related possibility, which is
the one of a second inert Higgs doublet, which does not
couple to SM fermions except for its mixing with the Higgs.
The lightest component of this doublet is a perfect candidate
for scalar DM [144].

5. Conclusions

The question of which DM models should be adopted in
definingnew search strategies and in presenting experimental
results is a pressing one, primarily for LHC searches. Simpli-
fied DMmodels are a possible answer to this question, living
in between the effective operators approach (with a limited
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applicability at the LHC) and the realm of well-motivated
BSM theories.

From a bottom-up viewpoint, the idea of simplifiedmod-
els is to expand the effective operators including mediator
particles in the description, thus avoiding the energy limita-
tions of the EFT approach and adding a richer phenomenol-
ogy, new search channels, etc. In a top-down framework,
instead, simplified models can be seen as a way to simplify
the phenomenology of complex new physics models in such
a way to restrict to the phenomena related to DM.

In order not to deal with unphysical results, the vanilla
simplified models have to be supplied with additional con-
straints, couplings, and states, in a kind of second-order
improvement. The typical consequence is that the strongest
LHC constraints on the dark sector come from many pos-
sible observables other than DM production processes (as
the mono-X searches) and di-jet searches (e.g., di-lepton
resonances, mixing with 𝑍 boson and electroweak precision
tests, Higgs width to invisibles, perturbative unitarity, and so
on).This comes with no surprise, since the high energy reach
of the LHC consent to explore a large variety of phenomena
above the weak scale, without restricting to the lightest stable
state of this new physics sector.This is quite the opposite with
respect to what happens with direct and indirect searches,
which are intrinsically limited to constrain the properties of
the DM particle.

Theoretically consistent simplified models tend to loose
part of their generality and to mimic richer BSM theories.
For example, models containing a vector mediator and a dark
Higgs may descend from gauged U(1) constructions, while
models featuring two Higgs doublets and a (pseudo-)scalar
singlet resemble the Higgs sector of the NMSSM.

Simplified models cannot (or only partially) be viewed
as an exhaustive toolbox to constrain all possible WIMP
scenarios at once. For this reason, it is of extreme importance
that the LHC collaborations publish their results on simple,
search-specific, models in such a way that they are recastable
for any other model (as it is for cut-and-count analyses).
In turn, theoreticians should keep working in close contact
with experimentalists in order to maximise the utility of the
simplifiedmodels tool-kit. Finally, the use of (truncated) EFT
should not be disregarded, since this is the most model-
independent approach and it is economical from the point
of view of the reduced dimensionality of its parameter space.
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The quest for the elusive dark matter (DM) that permeates the Universe (and in general the search for signatures of physics
beyond the Standard Model at astronomical scales) provides a unique opportunity and a tough challenge to the high energy
astrophysics community. In particular, the so-calledDM indirect searches—mostly focused on a class of theoretically well-motivated
DM candidates such as the weakly interacting massive particles—are affected by a complex astrophysical background of cosmic
radiation. The understanding and modeling of such background require a deep comprehension of an intricate classical plasma
physics problem, i.e., the interaction between high energy charged particles, accelerated in peculiar astrophysical environments,
and magnetohydrodynamic turbulence in the interstellar medium of our galaxy. In this review we highlight several aspects of this
exciting interplay between the most recent claims of DM annihilation/decay signatures from the sky and the galactic cosmic-ray
research field. Our purpose is to further stimulate the debate about viable astrophysical explanations, discussing possible directions
that would help breaking degeneracy patterns in the interpretation of current data. We eventually aim to emphasize how a deep
knowledge on the physics of CR transport is therefore required to tackle the DM indirect search program at present and in the
forthcoming years.

1. Exotica: Where to Find Them?

The particle dark matter (DM) [1] discovery may potentially
undertake a different path than the beaten track of collider
searches [2] and direct detection experiments [3]. Early
Universe thermal relics, in particular, may be well-motivated
DM candidates [4–6] expected to annihilate (or decay)
even in today galactic halos, producing Standard Model
(SM) particle yields. Therefore, the measurement of charged
particle and gamma-ray fluxes of cosmic origin in a wide
energy range—say from fewMeV all the way up to the multi-
TeV domain—may be a quite unique tool at our disposal
in order to probe the putative particle nature of DM [7–
9].

It is widely recognized that the indirect extraction of a
DM signal in this context is an extremely challenging task.
The DM problem in general and the indirect searches in
particular have been already presented in comprehensive
review papers (see, e.g., [10, 11]). Here, we wish to focus
our attention on the important interplay between particle

DM signatures and the background signals expected from
astrophysics, discussing in particular the phenomenological
relevance of cosmic-ray physics.

As far as charged particles are concerned, the first con-
sideration in order is that high energy protons, nuclei, and
electrons are injected in copious amounts as cosmic rays
(CRs) by different classes of astrophysical sources (such as
shocks associated with supernova explosions or superbub-
bles or possibly accretion-powered mildly relativistic jets),
which provide a huge and irreducible background. On the
other hand, the paucity of antiparticles, mostly produced by
secondary interactions of CRs, could in principle drastically
improve the signal-to-noise ratio in favor of a putative
DM detection, within a rather low expected astrophysical
background; this possibility of detecting Early Universe relics
by studying galactic antiparticles was first outlined in the
early 1980s in several pioneering papers (e.g., [12, 13]) and
has been studied in much larger detail in particular during
the last decade, mainly thanks to the dramatic improvement
in the quality of the data provided by PAMELA [14] and
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AMS-02 [15] experiments. For a recent discussion on cosmic
antimatter opportunities, see, for example, [16, 17].

Despite the low background, even in the case of antimat-
ter searches the large uncertainties involved in the modeling
of both conventional astrophysical production and galactic
transport play a major role and have hindered a firm DM
detection so far, although some recent tentative claims (in
particular, among others, [18–22]) have triggered an impor-
tant debate in the community. In Sections 4, 5, and 6 we will
describe in detail the current status for positron, antiproton
and antinuclei indirect searches: our purpose is to provide a
case-by-case discussion mostly focused on the relevance of
CR transport physics in antimatter channels for DM indirect
detection.

While charged antiparticles may be promising indirect
messengers of the particle DM nature, they do not retain the
directionality from their emission point and, hence, cannot
provide the morphological characterization of a DM signal:
this possibility is accomplished instead with the analysis
of gamma-ray data (for early studies, see, e.g., [23–25];
more recently, [26, 27]). If DM particles eventually decay or
annihilate into gamma radiation, it is crucial to identify the
most promising regions of the sky where either the expected
signal is large, or the astrophysical background is low: among
the most important targets, we can certainly mention the
inner galaxy (which satisfies the first criterion) and the DM-
dominated satellite galaxies orbiting around our galaxy. The
most tentative claims and interesting bounds from the study
of the gamma-ray sky will be reviewed in detail in Section 7.

Before going through an extensive discussion of all these
channels for DM indirect searches, in the next two sections
we will set up the stages of this review by briefly presenting
some relevant aspects of DM models connected with the
scope of the present paper and then highlighting the several
key aspects of the galactic CR transport problem. Those
concepts will be recalled all across the paper when the most
relevant interpretations of CR and gamma-ray anomalies are
discussed.

2. Targeting DM Indirect Searches on
High Energy Physics

The quest for the fundamental origin of DM may require
considering a priori an impressive range of energy scales
(see [28, 29] for interesting historical retrospectives). For
instance, sitting on the extremes of the viable mass window
for DM searches, today we may be looking for imprints
on the cosmological matter power spectrum of super-light
candidates such as axion-like particles [30–32] from the
string landscape [33, 34], as well as aiming to detect the
gravitational echoes of massive black hole merging [35, 36],
possibly originated from primordial density fluctuations in
the Early Universe [37, 38].

However, the phenomenology of DM candidates may be
intriguingly correlated to the long-standing puzzles pertain-
ing to the realm of the SM (see, e.g., [11, 39] for broad reviews
on the topic). Of particular significance, one of the main
driving forces of research on High Energy Physics has been

the quadratic UV sensitivity of the Higgs boson mass to any
new physics energy scale above the electroweak one [40]. On
general grounds, the attention of this review is mostly paid to
DM candidates motivated by New Physics at the electroweak
scale. Many extensions of the SM theory addressing the
electroweak hierarchy problem can indeed accommodate
such DM candidate in their spectrum; see, e.g., [5] for a
review on the widely mentioned case of supersymmetry; [41,
42] for higher dimensional theories aimed at stabilizing the
electroweak scale; [43–46] for examples of strongly coupled
UV completions. Moreover, DM candidates sitting around
the electroweak scale may also be well-motivated in the
context of nonnatural theories addressing other possible
SM issues, such as proton stability and/or gauge coupling
unification; see, e.g., [47–49] for the case of supersymmetry;
[50–53] for interesting universal/warped extra-dimensional
proposals.

In all these scenarios, theDMparticle is usually stable due
to its charge under a (discrete) symmetry of the new theory,
while a benchmark range of masses and couplings can be
eventually individuated on the basis of the UV guiding prin-
ciples. Most importantly, the emerging DM phenomenology
from these studies typically falls in the experimental window
of sensitivities for antimatter and gamma-ray searches dis-
cussed in the next sections.

Marginalizing over the specific details of UV models, the
DM reference framework we mainly refer to, in this review,
corresponds to Early Universe cold thermal relics. Assumed
to be in thermal equilibrium with the primordial plasma
at the very early stages, DM decoupling as nonrelativistic
species eventually leads to [54] (for more details, see also
[55]):

Ω0.25 ∼ 3 × 10−26 cm3 s−1⟨𝜎V⟩ ≃ 10−8GeV−2𝜎 . (1)

Ω is the DM cosmological relative abundance observed
today [56]; ⟨𝜎V⟩ is the DM thermally averaged particle
annihilation cross section. In the last step we make use of
the approximation ⟨𝜎V⟩ ≃ 𝜎 𝑐/3, expected to be valid for
a WIMP at the time of chemical decoupling in the Early
Universe. By means of dimensional analysis, we can naively
estimate the DM annihilation cross section in terms of its
mass 𝑚 and dimensionless coupling constant 𝑔, obtaining

𝑚 ∼ ( 𝑔210−1)(10−4GeV−1√𝜎 )TeV; (2)

(1) in conjunction with the estimate in (2) characterizes
the so-called Weakly Interacting Massive Particle (WIMP)
miracle: a cold thermal relic charged under weak interactions
and with mass close by the electroweak scale naturally
accounts for the present DM abundance.

The WIMP mass range may be bracketed from below
according to the seminal works in [57, 58] as 𝑚 ≳ 10
GeV, while it may be bracketed from the above unitarity
arguments on the DM cross section pinpoint to 𝑚 ≲ 102 TeV
[59] (but caveats exist [60]). Typical expectations from the
WIMP paradigmmay be notably disregarded by the presence
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of resonant regimes, near mass thresholds, and coannihi-
lation with other particles in the thermal bath [61]. Many
other examples of variants to the standard WIMP freeze-
out scenario have been investigated in literature [62–70].
Nonperturbative effects such as Sommerfeld enhancement
[71–74] and bound-state formation [75–80] have also more
recently acknowledged to be of possible dramatic impact in
the broad context of WIMP phenomenology.

Importantly, (1) shows that the DM relic abundance
is mostly sensitive to the annihilation cross section. It
follows that a WIMP-less miracle is perfectly conceivable
[81], opening on general grounds a broader range of viable
mass scales (for a supersymmetric setup, down to the MeV
scale within gauge-mediation breaking) and couplings for
the phenomenology of DM thermal relics.Therefore, indirect
signals from WIMP-like scenarios—whose signatures have
been comprehensively inspected in [82, 83] and are of par-
ticular importance for this review—are after all (1) intimately
connected to the possibility of being effectively visible today
and (2) possibly connected to the tantalizing discovery of
New Physics near the electroweak scale [84].

3. Miniguide to Galactic CR Physics

3.1. Origin of CRs. A clear identification of the classes of
astrophysical sources able to accelerate particles from GeV
all the way up to PeV energies (and, for extragalactic accel-
erators, up to ∼ 1020 eV) is crucial for DM indirect detection.

We will not digress here on the long debate about the
origin of CRs and their acceleration mechanisms (see, e.g.,
[85] for an excellent review). For the purpose of this review,
let us start by mentioning the supernova paradigm as the
main guideline. Supernova remnants (SNRs) were proposed
as potential sources out of energy budget arguments in [86,
87]; the picture was better defined later in terms of SNRs
located in our own galaxy [88, 89]; however, a physical
process capable of such a powerful CR acceleration had
not been proposed yet at that time. Later, the theory of
diffusive shock acceleration was presented in four famous
seminal papers [90–93] and is currently considered the main
reference framework in the field.

However, it is important to keep inmind that other classes
of sources (e.g., pulsar wind nebulae for leptonic CRs [94],
OB associations [95], and X-ray binaries [96]) and several
other acceleration mechanisms have been proposed as well.
As we will see below, many of these potential accelerators are
expected to play a role in the explanation of some tentative
claims of DM detection.

3.2. CR Transport: Preliminary Considerations. Let us now
turn our attention to a crucial aspect of CR physics, which
has an extremely relevant impact on DM indirect searches,
i.e., CR propagation in our galaxy.

The usual starting point is a collection of several key
observations that characterize the cosmic-ray flux.

(i) The isotropy of the arrival direction (at the level of∼ 10−3 in the TeV-PeV range, recently measured with
high precision by many experiments [97–102]).

(ii) The much larger abundance of Lithium, Beryllium,
and Boron compared to the solar system abundances,
which is naturally interpreted as the signature of the
interaction of primary species such as protons and
heavy nuclei with a column density of interstellar gas
as large as few 𝑔/𝑐𝑚2: such a grammage implies that
the primary species have crossed the galactic disk
many times.

(iii) The presence of a diffuse gamma-ray emission across
the whole galactic disk, already predicted in the early
1960s [103] and first measured by pioneering satellite
experiments such as OSO-3 (1967) and SAS-2 (1972);
afterwards, COS-B and EGRET provided even more
accurate results; nowadays, Fermi-LAT has provided
a state-of-the art description of this emission in the 30
MeV-1000 GeV range, as detailed below.

These pieces of information, combined together, suggest
a “conventional scenario” for CR transport that was shaped
by the pioneering work of Ginzburg and colleagues (see [104]
and references therein and [105]), based on a random walk
through the galaxy governed by the quasilinear theory of
pitch-angle scattering on Alfvénic turbulence (QLT), first
presented in the 1960s [106, 107].

3.3. The CR Transport Equation. Magnetohydrodynamic
turbulence—which is ubiquitous in the interstellar medium
(ISM) and covers a very wide range of scales from astro-
nomical units (AUs) to kpc [108]—is widely considered as
the main responsible for this diffusive regime. In more detail,
the relativistic motion of charged particles in our galactic
environment is affected by the presence of a coherent large-
scale magnetic field component, →𝐵 [109, 110], on top of
whichmagnetic inhomogeneities, 𝛿→𝐵 , are propagating.These
fluctuations in the magnetized interstellar medium (ISM)
are associated with a turbulent cascade that is believed to
be either initiated at large scales ∼ 102 pc (by supernova
explosions, differential rotation of the galactic disk, or other
mechanisms [111]) or (especially at small scales) triggered
by CR themselves via streaming instability [112, 113]. This
cascade has been usually considered, in the basic scenario
of QLT, as isotropic and mainly composed of Alfvén waves,
i.e., transverse magnetic perturbations moving at the Alfvén
speed1:

V𝐴 ≃ 2 × 106
→𝐵𝜇G√ cm−3𝜌ISM cm s−1. (3)

Following in part the approach of [114], we recap here the
main features of QLT (see also [104, 105]).

The rationale of QLT is to consider the interaction of
a charged particle of momentum →𝑝 = 𝑚→V with magnetic
inhomogeneities 𝛿→𝐵 that are sufficiently small (with respect
to the regular field →𝐵 ) at the scale of interest. The process is
well described by a stochastic equation for the pitch angle,
defined as 𝜇 = cos(𝑝 ∧ →𝐵). On average the variance of the
pitch angle can be shown to feature a resonance condition
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[105]. According to it, the particle only interacts with the
inhomogeneities of wavelength ∼ 2𝜋/𝑘matching the particle
Larmor gyroradius 𝑟𝐿 2:

⟨Δ𝜇Δ𝜇Δ𝑡 ⟩ = 𝜋V𝜇𝑟2𝐿
→𝛿𝐵


2

→𝐵2
(1 − 𝜇2) 𝛿 (𝑘 − 1𝜇𝑟𝐿) . (4)

Let us now consider an ensemble of particles described by
a phase-space distribution 𝑓(→𝑥, →𝑝, 𝑡), with probability den-
sity Ψ(→𝑝,Δ→𝑝) for transitions →𝑝 → →𝑝 + Δ→𝑝 in momentum
space, due to interactions with stochastic fluctuations in the
magnetized environment. We can state that, after a lapse Δ𝑡,
in the Alfvén wave rest frame (primed), the evolved phase-
space distribution must be equal to

𝑓(→𝑥  + →V  ⋅ Δ𝑡, →𝑝 , 𝑡 + Δ𝑡)
= ∫𝑑Δ→𝑝 Ψ(→𝑝  − Δ→𝑝 , Δ→𝑝 )𝑓 (→𝑥 , →𝑝  − Δ→𝑝 , 𝑡) (5)

with →V  being the CR particle velocity in the wave frame.
We assume that detailed balance holds; i.e., a transition→𝑝  → →𝑝  − Δ→𝑝  described by a probability Ψ(→𝑝 , −Δ→𝑝 ) is

equivalent to the one described byΨ(→𝑝  −Δ→𝑝 , Δ→𝑝 ). Apply-
ing this principle in the limit ofΔ𝑝/𝑝 ≪ 1 (originating from|𝛿→𝐵|/|→𝐵| ≪ 1) that characterizes QLT, we can write

⟨Δ𝑝𝑖⟩Δ→𝑝  = 12∑
𝑗

𝜕𝜕𝑝𝑗 ⟨Δ𝑝𝑖Δ𝑝𝑗⟩Δ→𝑝  , (6)

where ⟨. . . ⟩
Δ
→
𝑝
 ≡ ∫ 𝑑Δ→𝑝 Ψ(→𝑝 , Δ→𝑝 ) and a Taylor

expansion of Ψ(→𝑝 , Δ→𝑝 ) has been performed.
Assuming the static limit, i.e., Δ𝑡/𝑡 ≪ 1, starting from a

Taylor expansion of (5), with the help of (6) we finally get, in
the same wave frame,

𝜕𝑓𝜕𝑡 + →V  𝜕𝑓
𝜕→𝑥  =

𝜕
𝜕→𝑝  (𝐷→

𝑝
→
𝑝


𝜕𝑓
𝜕→𝑝 ) . (7)

This is a Boltzmann equation where in the right-hand
side the “collision operator” qualifies Brownian motion in
momentum space with diffusion coefficient

𝐷𝑝𝑖𝑝𝑗 ≡ 12 ⟨Δ𝑝𝑖Δ𝑝𝑗Δ𝑡 ⟩
Δ
→
𝑝


for 𝑖, 𝑗 = 1, 2, 3, (8)

describing indeed the momentum isotropization due to
CR stochastic scattering with Alfvén waves.3

Let us now perform a transformation to the galactic
rest frame. In this frame of reference, (7) features a spatial
diffusion operator along the direction of the regular field
as well. This is the most important term that governs CR
transport in the galaxy. The spatial diffusion coefficient 𝐷𝑧𝑧
is related to 𝐷𝑝𝑝 by [115]

𝐷𝑧𝑧𝐷𝑝𝑝 ∝ V2𝐴𝑝2, (9)

for →𝐵 = 𝐵�̂�. Inspired and guided by the results of QLT,
a general transport equation is usually considered, mainly
based on the aforementioned process of diffusion in both
position and momentum space, but featuring a wider set of
terms associated with other physical phenomena. The full
equation reads

𝜕𝑁𝜕𝑡 + →∇ (→𝑢𝑁) − 13 𝜕𝜕𝑝 [𝑝 (→∇ ⋅ →𝑢) 𝑁]
− →∇ (𝐷→𝑥→𝑥→∇𝑁) − 𝜕𝜕𝑝 [𝑝2𝐷𝑝𝑝 𝜕𝜕𝑝 ( 𝑁𝑝2)]
+ 𝜕𝜕𝑝 (𝑑𝑝𝑑𝑡 𝑁) = 𝑄0 + 𝑄sec − 𝑁𝜏𝑁 ,

(10)

with 𝑁(→𝑥, 𝑝, 𝑡) and 𝑄(→𝑥, 𝑝, 𝑡) being, respectively, the CR
density species and CR injecting density source per unit
of momentum. In the left-hand side, the diffusion term
is usually isotropic and described by a scalar, position-
independent coefficient, despite the fact that QLT predicts a
highly anisotropic transport along the regular field direction
(see, e.g., the discussion in [116]). The scalar spatial diffusion
coefficient is generally taken as

𝐷 = 𝑐𝑟𝐿
F (𝑘) , (11)

whereF(𝑘) is defined as the (normalized) power associated
with the turbulent modes with wave number 𝑘 ∝ 1/𝑝
resonating with the particles carrying momentum 𝑝. Since
the turbulent power scales as a power law, the rigidity depen-
dence of the diffusion coefficient is usually parametrized as

𝐷 = 𝐷0 ( 𝑝𝑝0)
𝛿 , (12)

with 𝐷0 and 𝛿 as free parameters to be fixed by comparison
with CR data. The spatial dependence of such normalization
that stems from the spatial variations of the turbulent power
is usually neglected with some relevant exceptions [116–121].

The momentum diffusion is also called stochastic reaccel-
eration, and the relation 10 is assumed to hold.

The left-hand side also involves an advection term orig-
inally present in (7) as well, now characterized by the bulk
velocity of the plasma in the lab frame: galactic winds affect-
ing CR motion may be described by such a term, together
with adiabatic energy losses, involving velocity gradients even
of O(102) km s−1 kpc−1 perpendicularly to the galactic disk.

The physics of advective-diffusive transport is enriched
by twomore relevant phenomena included in (10): net energy
losses and spallation. In fact, we need to consider CR energy
loss processes, characterized by the continuous loss rate𝑑𝑝/𝑑𝑡, particularly important, e.g., at high energies for light
charged species such as leptons (see, e.g., [122, 123]).

Eventually, on the right-hand side of (10),

(i) the primary source term 𝑄0 captures the primary
accelerators of CRs: as mentioned above, while the
supernova paradigm is still the most accredited one,
other classes of sources can certainly be at work;
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(ii) the secondary source term𝑄sec describes the produc-
tion of a given species from spallation of the heavier
ones onto interstellar gas;

(iii) a loss term due to inelastic collisions characterized by
an interaction time 𝜏𝑁 is also introduced.

An important remark is needed at this point. Our picture
of MHD turbulence has dramatically improved during the
latest decades: according to the current scenarios [124, 125],
MHD turbulence is composed of an anisotropic cascade of
both Alfvén waves, and isotropic fast magnetosonic modes,
as theoretically demonstrated and numerically confirmed by
several simulations. As a consequence of the anisotropy of the
Alfvénic cascade, the scattering efficiency on Alfvén waves
turns out to be very low [126], posing a tough challenge to
thewhole scenario discussed above. Among others, a possible
solution [127, 128] is that magnetosonic modes dominate
gyroresonance interaction for most of the pitch-angle range.

However, although the actual microphysics underlying
the CR random walk is still far from being exhaustively
addressed, the QLT can still be considered a useful guideline
to be taken as a reference, and (10) should be understood as a
phenomenological tool to tame the complexity of the plasma
physics problem, allowing us to make predictions against a
plethora of data.

3.4. Modeling CR Transport: A Glimpse. In order to solve the
complicated CR transport equation (for each CR species),
today we have at our disposal several public numerical
codes, equipped with different numerical and astrophysical
ingredients, aimed at solving (10), most notably (in chrono-
logical order): GALPROP[129–132], DRAGON [123, 133–135],
and PICARD [136, 137]. A semianalytical approach is instead
followed by the USINE project [138].

While a detailed and realistic study of galactic CR
propagation requires the extensive use of those numerical
or complex semianalytical methods, we can extract some
physical insight useful for the next sections looking at a
simplified version of (10).

Indeed, at the basis of CR transport, an important
hierarchic game of scales may be conceived: convective
and reacceleration effects are typically related to low-energy
regimes, while energy loss rates are negligible for high energy
hadrons such as protons or heavier nuclei. So, for energies𝐸 ≳ few GeV, the galactic motion of heavy species can be
approximately described to be in a purely diffusive regime:
then, we may trade the spatial diffusion operator for an
effective time of confinement, 𝜏𝐷, i.e.,

→∇ (𝐷→𝑥→𝑥→∇𝑁) → 𝑁𝜏𝐷 , (13)

and treat the galaxy as a box where CRs perform a random
walk-up to the box boundaries, beyond which they leak out.
In the steady-state limit of this simplified framework, CR
secondary species, produced by the interaction of source-
injected (namely, primary) CR particles, can be estimated as

𝑁𝑠 = 𝑄𝑠𝜏𝐷 ∝ 𝑁𝑝𝜏𝐷. (14)

Hence, the timescale for confinement of CRs in the galaxy
is intimately linked to relative abundances of secondary and
primary species. As anticipated in the above, antimatter
species are typically produced as secondaries, and therefore
(14) is of direct relevance for DM indirect searches in
antimatter channels.

Note that, by dimensional analysis, 𝜏𝐷 ∼ 𝐻2/𝐷, where𝐻 captures the typical size of the box. Therefore, secondary
fluxes are sensitive to both the spatial diffusion coefficient
and the height of the CR propagation halo. As we will discuss
below, our current poor knowledge of the value of𝐻 generally
translates into an important source of uncertainty in DM
indirect detection studies.

As stated above, the spatial diffusion coefficient scales
as a power law with rigidity. Supplementing (14) with such
expectation, we have a theoretical prediction that nicely fits
the trend of available experimental data [140]: at energies
above few GeV, the measurements of local CR secondary-
over-primary observables like B/C are indeed compatible
with a power-law behavior (with index 𝛿) of the diffusion
coefficient. Typical estimates of this parameter are in the
range 0.3 < 𝛿 < 0.6 [141–145], with a normalization at GeV
corresponding to 𝐷0 ≃ 1028 cm2 s−1, but pertain only to a
local measurement (see [118] for a possible indirect inference
of 𝛿 across the galaxy).

4. The Antiproton Channel

In the conventional scenario sketched above, antiprotons are
produced in the galactic environment by spallation of heavy
nuclei and protons onto interstellar gas.

The early measurements of the antiproton flux date back
to the 1970s and early 1980s; a first tentative claim of anomaly
with respect to the conventional expectations based on the
picture of nuclear spallation goes back to [146]. However,
DM connections were not outlined at that time: cosmic
antiprotons were considered a promising channel for DM
searches only some years later, in several seminal papers (see,
for instance, [12, 147, 148] and, more recently, [149]).

A dramatic improvement in the accuracy of the data
was provided by the PAMELA collaboration in 2009 [150]
(with further refinement in [151]): themeasurement showed a
reasonably good agreement with conventional models based
on purely secondary origin, as confirmed by [141, 152]. A note
here is in order about the meaning of conventional model:
in what follows, we will use this expression for a model
based on the simplest version of (10), taking a single class of
sources (SNRs) at work, with antiparticles produced only as
secondary products from primary spallation, and featuring
constant and homogeneous diffusion, tuned on local CR data.

Given the absence of significant unexpected spectral
features (such as bumps), the potential constraining power of
PAMELA dataset for DM searches was soon demonstrated in
a series of papers (from the early ones as [153, 154] to the more
recent [155]), which provided a comprehensive discussion on
the upper bound on the WIMP annihilation cross section
from the detection of cosmic antiprotons. The most relevant
point made in those papers is the crucial role of CR transport.
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A major source of uncertainty, in particular, is the size of
the diffusive halo 𝐻 introduced in the previous section,
i.e., the volume, where galactic CRs are effectively confined
by the presence of a turbulent magnetic field. Models of
CR transport based on larger diffusion halos usually feature
larger average values of the diffusion coefficient in order
to correctly reproduce the secondary/primary ratio data:
therefore, in these scenarios, the antiproton flux probes a
larger region of the galaxy and exhibits a larger constraining
power. On the other hand, cases where one assumes a very
thin halo (smaller than ≃ 2 kpc) turn out to be much less
restricting on the particle DM properties indirectly probed.

Another source of uncertainty certainly lies on the prop-
erties of CR transport in a much smaller environment: the
Heliosphere. We refer to [155] and references therein for a
comprehensive discussion on this aspect.

As a consequence of this complicated puzzle, it was not
possible to firmly exclude some relevant tentative DM claims
made in other channels (see the gamma-ray section for more
details), and the most severe limitation came from the poor
constraints we actually have on the size of the galactic CR
diffusion halo. A possible improvement in this direction may
come from more accurate measurements of the Beryllium
isotopes and from a careful analysis of the current and
forthcoming data on the vertical profile (with respect to the
galactic plane) of the synchrotron emission from the galaxy
(following [156, 157], we point out that the current data seem
to favor large values for the size of the diffusion halo).

In 2015 a much more accurate dataset was published by
the AMS-02 collaboration [20].The debate on the antiproton
channel has then included tentative claims of anomalies with
respect to the conventional scenario, possibly explained in
terms of DM indirect detection.

First of all, the AMS-02 collaboration itself initially
claimed the presence of an excess at high energies over
100 GeV. Right after, the significance of this anomaly was
better characterized [139, 143, 158], pointing only to a mild
overshooting of the expected background. The relevance of
this putative discrepancy and the estimated impact of the
different sources of uncertainty on the model predictions is
well depicted in Figure 1 (taken from [139]).4

Taking at face-value the original tentative claim from
AMS, the interpretation of the excess requires scenarios
beyond the conventional on of CR transport pictured in
the miniguide of Section 3. For instance, a mechanism that
may be at work and explain the discrepancy is the secondary
production at the accelerator: the idea, proposed before AMS
data in [159] as a possible explanation to the positron ratio
anomaly (see Section 6), is that secondary products of
hadronic interactions inside the sources can participate in
the acceleration process and subsequently escape into the
interstellar medium as an extra component featuring a very
flat spectrum. In [160] this scenario was applied to (pre-AMS)
antiproton data as well, and the authors demonstrated that
the boron-over-carbon ratio has much constraining power
for this interpretation.

More recently, refined Bayesian analyses that include the
official AMS data on this observable as well (see, e.g., [144])
confirm the presence of a mild discrepancy between the

Figure 1: Impact of cross section, CR transport, and modulation
uncertainties on the conventional predictions for the antiproton
compared to the related dataset collected by the AMS-02 collabo-
ration. Figure 1 is reproduced from Giesen et al. (2015) [139] (under
the Creative Commons Attribution License/public domain).

regions of the parameter space pointed by AMS antiproton
and B/C data.

However, spatial-dependent diffusion setups (e.g., the
phenomenological two-zone models as those considered
in [161, 162], designed to capture both CR transport in
preexisting SNR-driven galactic turbulence, and confinement
by CR-driven turbulence via streaming instability) seem to
solve the discrepancy, as well as the latest scenarios that
include secondary production at the accelerator [163].

DM interpretations for the high energy discrepancy are
also still viable for quite large values of the DM particle mass
(as shown, e.g., in [164–166]), in particular for light mediator
scenarios. At the same time, the constraining power of AMS
data in the energy rangewhere no relevant feature or anomaly
is present has been most recently explored in [167, 168].

On the other hand, on the low-energy side, a possible
indication of a DM signal for DM masses near 80 GeV
has been found [168–170], with a hadronic annihilation
cross section close to the thermal value: interestingly, this
tentative claim is compatible with the DM interpretation of
the galactic center gamma-ray excess (see Section 7). Again,
more investigation of the transport uncertainties (both in
standard and beyond-standard scenarios) and more detailed
combined studies of this signal together with constraints
from other probes (e.g., the observation of dwarf spheroidals
in the gamma-ray band) will be crucial in order to confirm
the existence of this anomaly.

5. The Avenue for Antinuclei

A milestone campaign for imprints of particle DM on the
observable CR radiation may correspond to the discovery of
galactic light antinuclei such as antideuteron (2H) [171–174]
and antihelium-3 (3He) [175, 176]. At present, no compelling
evidence for a detection of antimatter with mass number
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𝐴 ≥ 2 has been experimentally corroborated in the mea-
surement of galactic CR fluxes. A notable upper limit on
the flux of cosmic antideuteron has been set by the BESS
facility—reporting at the 95% of confidence level Φ2H ≲ 2 ×10−4 (m2 s sr GeV/n)−1 for kinetic energy per nucleon 0.17 ≤
T ≤ 1.15 GeV/n [177]—while the BESS-Polar collaboration
currently constrains antihelium-to-helium flux to be smaller
than 10−7 in the interval of probed rigidities, 1.6 – 14GV [178].

Today, the AMS-02 mission is operating in the direction
to perform the first historical observation of cosmic light
antinuclei, with promising projected sensitivities [179]. A
tentative claim of few antihelium events—possibly measured
by the AMS-02 collaboration—might be already at hand,
waiting for a firmer experimental response in the upcoming
years; see, for instance, [180].

The phenomenological relevance of the avenue for antin-
uclei in relation to DM indirect searches stems from the
kinematics of spallation processes producing CR secondaries:
the energy threshold associated with the production of one
antideuteron is roughly 2.5 greater than the one required
to produce a secondary antiproton. Moreover, the same
energy threshold is a monotonic increasing function of the
mass number 𝐴. Therefore, the low-energy flux of cosmic
antinuclei is expected to be small [181], opening a low-energy
window—related to kinetic energies per nucleon between∼0.1 and few GeV/n—for large signal-to-background ratios
from exotica.

The physics of CR accelerators and of propagation
impacting the prediction for antinuclei fluxes at Earth sits on
the very similar grounds of the one discussed for the antipro-
ton channel. On the one hand, the unknowns stemming from
galactic CRpropagation affecting the predicted galactic fluxes
for antideuteron and antihelium should be correlated to the
galactic antiproton spectrum and boron-to-carbon ratio data.
On the other one, the injection of antinuclei in the galactic
interstellar medium is intimately connected to the antiproton
productionmechanism. As discussed in the previous section,
the latter may be sourced from in situ acceleration in the
downstream region of supernova remnant shockwaves. Such
mechanism generally yields a source term distinguished into
a A-component, referred to as CR secondaries accelerated by
the shock, and a B-component, related to standard spallation
processes sourced by CR primaries. Most recent analyses on
the topic have included also these extra contributions in their
predictions [182–184].

Figure 2, from [182], reports the maximum contribution
to the antideuteron flux with respect to the typical unknowns
from CR physics, properly calibrated on antiproton AMS-02
data. The components from production in supernovae (SNR-
A and SNR-B bands) are found to be subdominant, giving
(at most) a 10% effect with respect to the main standard
component, obtained by considering the interactions of CR
primaries with the interstellar medium (black line). Figure 2
also shows predictions for some benchmark exotica such as
annihilating DM particles with masses of O(100) GeV and
100% branching ratios into 𝑏𝑏 or𝑊+𝑊− final states, together
with the expectations from exotica that gained recent interest
[35, 36] such as primordial black holes [185, 186]. The plot
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Figure 2: Maximum 2H flux compatible with AMS-02 data from
evaporationof primordial black holes (green) andDMparticle anni-
hilation (blue and brown), compared with current and projected
sensitivities from BESS, AMS, and GAPS experiments. Maximum
flux for the expected astrophysical background is also shown: in
black color the contribution from CR spallation processes with the
interstellar medium and the subleading SNR-A and SNR-B ones.
Bands bracket uncertainties from force-field approximated solar
modulation and an event-by-event coalescence model. Figure 2 is
reproduced from Herms et al. (2016) [182] (under the Creative
Commons Attribution License/public domain).

clearly highlights the importance in the aforementioned
low-energy window. However, contrary to common wisdom
[179], Figure 2 also underlines the unlucky possibility that
within the forthcoming years current and future experimen-
tal facilities may not be sensitive to antideuteron yields from
DM/exotica production.

At this point, it is important to stress that unknowns
stemming from the physics of CR accelerators and galactic
transport should not be retained to be the major source of
uncertainty in the prediction of cosmic antinuclei fluxes.
The bands reported in Figure 2, while including the effects
of solar modulation—typically studied within the force-field
approximation [188] and better investigated in [189] bymeans
of numerical tools [190, 191]—are most importantly related
to the coalescence model adopted to establish antideuteron
formation. At present, the prediction of antinuclei fluxes
seems to strongly depend on the assumptions made to
describe antiproton-antineutron fusion [179]. Nowadays,
state-of-the-art analyses can avoid to rely on simplistic
analytical modeling [192], making instead use of Monte
Carlo event generators and available data from colliders.
Large systematics on the formation of antideuteron and
antihelium can be understood on the basis of the sensitivity
of these studies on the hadronization model implemented
and the experimental dataset considered; see, e.g., [179, 193].
Interestingly, a recent work focused on the description of
nuclear coalescence via a physical modeling for the fusion
of nucleons into composite nuclei [194], and exploiting two-
particle correlation measurements [195] has pointed out the
possibility that the production cross section in pp collisions
for antihelium-3 may have been underestimated by up to two
orders of magnitude. Consequently, a putative detection of
cosmic 3He events related to kinetic energies greater than 1
GeV/n may actually be within the reach of AMS-02 in few
years [17].
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Therefore, we may conclude that searches for antinuclei,
while being potentially exposed to CR propagation details,
are mainly plagued by the assumptions and the systematics
involved in the estimate of the poorly known production
cross section. This can have a dramatic impact on our present
ability to make projections for a concrete signal detection
of antideuterons and antihelium-3. At the same time, these
uncertainties leave us hope to foresee a spectacular discovery
of exotica such as DM in the peculiar window of low-energy
antinuclei events.

6. The Positron Channel

The positron channel has been under the spotlight for a long
time in the DM indirect detection community. As mentioned
in Section 1, the paucity of those particles makes them an
ideal target for DM searches, and the presence of a significant
anomaly (with respect to the conventional expectations) has
further increased the interest around this observable during
the latest decade.

Let us start by clarifying, also in this case, what we mean
by “conventional” predictions. In the context of a simplified
treatment of acceleration and transport—as described in the
miniguide of CR physics—a slightly different discussion is
actually required for leptons in general. In fact, high energy
leptons feature relevant energy losses especially at high
energies, which implies a new timescale competing with the
diffusion one.The simplified transport equation governing 𝑒±
propagation is therefore of this kind:

𝜕𝑁𝜕𝑡 − 𝐷Δ𝑁 − 𝜕𝜕𝑝 (𝑑𝑝𝑑𝑡 𝑁) = 𝑄 (15)

where inverse Compton scattering on the photon
background and synchrotron radiation define the typical
timescale for energy losses, 𝜏𝐸𝑙𝑜𝑠𝑠 (𝑝) ∼ 𝑝/|𝑑𝑝/𝑑𝑡| ∝ 𝑝−1. The
solution of (15) is given by a Green function that boils down
to

𝑁 ≃ 𝑄 (𝑝) 𝜏𝐸𝑙𝑜𝑠𝑠√𝐷(𝑝) 𝜏𝐸𝑙𝑜𝑠𝑠 . (16)

For primary electrons this result implies a scaling ∝
p−𝛼𝑒−𝛿/2−1/2, where 𝛼CR is the CR injected spectral index.

In the standard scenarios, positrons in the galaxy are
believed to originate, like antiprotons, as an entirely secondary
component arising from the collisions of relativistic protons
with the ISM gas according to a chain like 𝑝 + 𝐻 → ⋅ ⋅ ⋅ →𝜋± → 𝜇± + ⋅ ⋅ ⋅ → 𝑒± + . . .. The source function of positrons
is then expected to scale as

𝑞𝑒+ ∝ 𝑁𝑝𝑛𝐻𝜎𝑝→𝑒+ ∝ 𝑄𝑝𝜏𝑑𝑖𝑓𝑓 ∝ 𝑝−𝛼𝑝−𝛿, (17)

where we have implemented the rather simplistic approx-
imation of an energy independent cross section 𝜎𝑝→𝑒+ , used
the fact that the relevant timescale for propagation of high
energy protons is the diffusion timescale, and defined 𝛼𝑝 as
the spectral index for the proton injection source function.

Plugging this result in (17), we can predict the scaling of the
propagated positron flux over the electron one:

𝑁𝑒+𝑁𝑒− ∝ 𝑝−𝛼𝑝+𝛼𝑒−𝛿, (18)

with 𝛼𝑒 being the spectral index at injection for the
electron source distribution.

In the framework of diffusive shock acceleration, the
injected spectral index should not differ much among differ-
ent species. Consequently, the ratio of secondary positrons
over primary electrons is predicted to decrease with increas-
ing energy, unless a (very unlikely) large difference between
the source spectral indexes for protons and electrons is
assumed ad hoc.

The rise at high energy in the positron fraction originally
discovered by PAMELA in 2009 [18] and subsequently
confirmed by Fermi-LAT and AMS-02 [19] collaborations
constitutes then a substantial deviation from the standard
prediction of (18) and appears robust with respect to uncer-
tainties in CR transport models, implemented in a more
realistic way (see, however, [196]). The release of the data
on the absolute positron spectrum [197] confirmed and
strengthened this conclusion.

The detection immediately triggered a debate in the com-
munity (see, e.g., [198, 199] and references therein). A natural
explanation in terms of nearby astrophysical accelerators of
primary 𝑒+ + 𝑒− pairs, e.g., pulsar wind nebulae (already
invoked in [94] as potential contributors to the leptonic flux),
was soon considered as a very promising one; see Figure 3 for
a recent realization of this scenario, compared to up-to-date
experimental data. Other astrophysical interpretations were
proposed (see, e.g., [200]), including the already mentioned
secondary production at accelerators [159].

On the other hand, many DM interpretations were
invoked as well: the tough challenges for model building are
in this case the large annihilation cross section required to
sustain the measured positron flux at high energy and the
strong constraints originating fromother channels (including
gamma rays, CMB, and antiprotons); we refer [201] for
an early review on the topic. The Early Universe bounds
[202, 203] are particularly difficult to evade, and one has
to invoke, for instance, nonthermal mechanisms (see, e.g.,
[204] for a recent two-component scenario in which the
heavier DM species is produced as a thermal relic in the Early
Universe and decays to the lighter species over cosmological
timescales) or Breit-Wigner enhancement of present-time
annihilation (already proposed in 2009 to explain the boost
factor required by PAMELA data [205, 206] and recently
reconsidered, e.g., in [207, 208], as a way to evade the
stringent CMB constraints).

More interestingly, nowadays it is possible to challenge
the widely debated pulsar hypothesis in several ways, and the
uncertainties in CR transport play a major role.

First of all, it is possible to look for an anisotropy in
the arrival direction of high energy leptons. The Fermi-
LAT collaboration has released two papers in 2010 and 2017
on this topic, with stringent upper limits [209, 210]. The
compatibility between the pulsar models and those limits has
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Figure 3: The most recent leptonic data from AMS and DAMPE, interpreted within a pulsar scenario. Figure 3 is reproduced from Yuan et
al. (2017) [187] (under the Creative Commons Attribution License/public domain).

been studied several times in the literature (see, e.g., [211])
and is still matter of debate: as shown recently in [212], it is
possible to build scenarios that are compatible with the most
recent upper limits, where few nearby pulsars contribute at
high energy and a collection of more distant ones dominates
the low-energy positronflux; see also [213].We also stress that
it is problematic to rule out any pulsar scenario exploiting the
anisotropy upper limits alone, due to the fact that we can only
observe a subset of the nearby pulsar in radio and gamma
rays, given the highly collimated emission (see [214]).

Moreover, the gamma-ray observatories may now allow
to identify the emission from the leptons leaving nearby
known pulsars. Along this track, a detection of a TeV halo
around Geminga has recently been reported in [215]: in
that paper a naive estimate of the diffusion coefficient in
the vicinity of Geminga is presented, which turns out to
be much smaller than the average galactic one inferred by
secondary-to-primary ratios, posing a challenge both to CR
transport models and to the pulsar interpretation of the
positron anomaly as well; see also the follow-up detailed
discussion in [216].

Very recently, the antiproton and positron channels were
critically reexamined in [217]. In that paper it is noticed
that the ratio between the positron (or antiproton) flux
to the proton one is consistent with the secondary pro-
duction rates in the conventional picture. Based on these
considerations, the author suggests that galactic positrons
and antiprotons may have a common origin as secondaries
in hadronic interactions, probably produced in the local
interstellar environment, so that diffusion and energy loss do
not act for enough time to leave an observable imprint on
the spectrum. If confirmed, this would imply a completely
different propagation scenario characterized by amuch lower
residence time (∼ 1 Myr) compared to current benchmark
values: such scenario would also accommodate the spectral
break in the electron spectrum reported by HESS [218], but

not the electron slope, which is actually steeper than the
antiproton and positron one: in such alternative framework,
the 𝑒−/𝑝 discrepancy could in principle be generated at
source, by not-yet identified mechanisms. The take-home
message of this discussion is that the positron channel is far
from being understood, and the nature of the emission above≃ 30 GeV remains mysterious. However, DM interpretations
of this anomaly seem disfavored with respect to several
alternative astrophysical scenarios, in particular the pulsar
hypothesis. Possible avenues towards a clearer understanding
of these issues are (1) more detailed studies of the leptonic
CR anisotropy (that can in principle provide a smoking gun
of the pulsar scenario or in alternative strongly constrain the
scenario itself); (2) more data beyond TeV energies: experi-
ments such as DAMPE5 and CALET6 are already operating,
and the first results fromDAMPE [219] already showed some
interesting features to be confirmed and further investigated
[187] (as shown in Figure 3), while themeasurement on 𝑒++𝑒−
spectrum from 10 GeV to 3 TeV has been recently released
by CALET collaboration [220]; (3)more investigations of the
interplay with the high energy gamma-ray observations, such
as the TeV halo around Geminga, aimed at characterizing the
diffusion properties of leptons in the vicinity of the sources;
(4) also in this case, a better characterization of the diffusion
halo size, for instance, by means of analyses focused on the
radio emission, following, e.g., the approach of [156, 157].

7. Gamma-Ray Opportunities

Theubiquitous flux of high energy CRnuclei and leptonsmay
be able to transform the galaxy into a huge pion factory and
an efficient machine to up-scatter diffuse photons emitted by
stars and reprocessed by dust grains.These processes, namely,𝜋0 decay and inverse Compton scattering, with the addition
of the (usually subdominant) bremsstrahlung emission, yield
a diffuse flux of high energy photons from the MeV to the
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multi-TeV energy domain, reaching the current sensitivity
of space missions such as Fermi-LAT and AGILE, and
ground-based facilities such as HESS, MAGIC, VERITAS,
and HAWC.

Therefore, the observable gamma-ray sky can give us
today a quite unique diagnostics of CR transport far from
the solar system environment.The galactic diffuse gamma-ray
emission stemming from CR interactions with the ambient
gas and radiation field constitutes indeed the bulk of photons
measured along the galactic plane region [221]. It depends
on our observational knowledge of emitting targets [222],
namely, the indirect tracing of gas column densities [223,
224] through, e.g., observed CO emissivities, or the char-
acterization of the low-energy photon background, the so-
called interstellar radiation field [225]. Moreover, it crucially
relies on the details about CR propagation across the galaxy
[226].

In the last few years important progress has been pursued
in the development of phenomenological viable models
for galactic CR propagation, able to match the observed
GeV–TeV photon data from the galactic plane region, while
reproducing local CR measurements [117, 118]. In the next
future, a more systematic study of gamma-ray data in sym-
biosis with the analysis of local CR observables may offer us
the most important chance to pin down the exact features
underlying (10) (see, for example, [116, 227]) in a data-driven
fashion [162, 228–230].

Looping over uncertainties both on the side of emitting
targets and possibly also on the underlying CR transport
properties is a challenging task [221, 231]. However, such an
attempt is particularly welcome in order to constrain particle
DM properties [226, 232, 233]. As previously mentioned,
anomalies in the gamma-ray sky may be extremely com-
pelling for indirect DM searches. State-of-the-art N-body
simulations (see, e.g., [234, 235]) predict an extended DM
halo embedding and surrounding the Milky Way, with a
central density peaking in correspondence to the galactic
center (GC). Then, within a scenario where DM particles
pair-annihilate (or decay) eventually to gamma-ray photon
yields, the GC region is likely the brightest possible target
for DM indirect searches, being relatively close to us (∼ 8
kpc).

The kinematics of DM thermal relics annihilating today
in the halo may actually give rise to peculiar photon energy
spectra. In particular, gamma-ray photon lines would not
have any well-known astrophysical counterpart. Therefore,
monochromatic lines in theGeV–TeV range produced byDM
particle pairs annihilating into two-body final state channels
with one or two photons give rise to a potential smoking-
gun signature. However, in a standard scenario of electrically
neutral particles [236], DM rate to monoenergetic photons
will exhibit loop-suppression (see, e.g., [237, 238] for the
benchmark of neutralino DM). Interestingly, a hint in favor
of such a spectacular signature has been found in 2012 from
dedicated analyses of Fermi-LAT data in an extended region
of the galactic center [239, 240], showing a peak in the photon
spectrum at an energy ∼130 GeV with significance of the
excess at ∼ 3𝜎 level. After an optimal observational strategy
has been carried out for the purpose [241, 242], the updated

analysis from the Fermi-LAT collaboration does not support
any longer the original evidence for such a spectral feature
in the dataset [243], suggesting previous claims to be related
only to a statistical fluke. While current lack of detection of
gamma-ray lines place important upper limits on today’s DM
annihilation cross section/decay rate into monochromatic
photons in the GeV–TeV energy window [243, 244], the
search for pronounced spectral features in the gamma-ray sky
remains one of the most tantalizing observational programs
within the WIMP mass reach [27].

Interestingly enough, within almost an entire decade, an
increasing number of studies focused on the GC region,
repeatedly showing the existence of a statistically significant
signal in Fermi-LAT data possibly correlated with spectral
and morphological features of prompt gamma-ray emission
fromDMpair annihilation [245–263]. Originally, the analysis
of Fermi-LAT data in 2009 concerning the innermost two
degrees around the GC leads the authors of [247, 248] to
discover the existence of a bump-like feature in the photon
spectrum exceeding the estimated astrophysical background
with high statistical significance. Peaking around ∼ 3 GeV
and fitting an approximately spherical morphology, the signal
found could be immediately associated with annihilating
DM particles with mass range and cross section remarkably
within the WIMP ballpark. Strengthening such compelling
interpretation [252] and successively [254] focused on a
region of interest (ROI) extended up to ten degrees in
latitude, in correspondence to the low-latitude part of the
Fermi bubbles [264], finding new evidence for the gamma-
ray excess even at few kpc of distance from the GC. Even-
tually, in [257] an optimized analysis implementing specific
cuts to Fermi-LAT events—improving the resolution of the
gamma-ray maps—could reach a statistical preference at the∼ 30𝜎 level for the inclusion of a WIMP-like template
in the fit to the dataset. These claims triggered several
phenomenological studies on the New Physics direction to
undertake in order to explain this anomaly (see, e.g., [265–
272]).

It is important to note that a close investigation about
the impact of the galactic diffuse emission—related to CR
physics—on the robustness of the aforementioned evidence
in favor of a DM indirect detection came only four years
after [247], with the studies in [258, 259]. In particular,
[259] analyzed the uncertainties related to the galactic diffuse
modeling explicitly inspecting the systematics of 60 models
with different characterization of CR transport physics and
emitting target properties. Most importantly, the authors in
[259] derived in a more data-driven way the overall system-
atics in the ROI of 20∘ × 20∘ centered at the GC by looking
at the residuals obtained from a large number of control
ROI along the whole galactic plane, using their 60 galactic
diffuse emission models for a principal component analysis.
The systematics found in [259] associated with the GC excess
signal enlarged the set of viable DM best-fit scenarios [269,
270] and opened a new window for the interpretation of
the anomaly in terms of a population of point sources such
as millisecond pulsars (MPs) [273], a scenario originally
proposed in [274] and successively supported in [251, 253,
256, 275], while criticized in [276, 277].
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Alternative astrophysical explanations in terms of out-
burst events of hadronic [278] or leptonic [279] origin turned
out to be not favored by data [280]. On the other hand, a
currently viable alternative scenario for the GeV gamma-
ray spectral feature may be provided by the depletion of
low-energy photons in molecular clouds as observed in
the central molecular zone [263] (see also, for comparison,
the sophisticated data-analysis and deconvolution technique
presented in [281]).

Notably, the differentCR injection terms (𝑄0 appearing in
(10)) adopted in all the aforementioned analyses correspond
to radial distributions that in the GC proximity do not cor-
relate well with the expected high-star formation rate present
in the inmost few hundred parsecs around the GC [282], the
so-called central molecular zone (CMZ). Multiwavelength
observations of the CMZ [283] point indeed to an environ-
ment with large amount of molecular gas [284], hosting high-
mass OB stars [285], and potential progenitors for standard
CR acceleration sites such as supernova remnants [286].
These pieces of information motivated [245] to reanalyze the
GC excess implementing a novel steady-state CR source term
capturing the CMZ star-forming activity. The three panels
in Figure 4 from [245] show the residual count maps of
photons falling in the energy range of 1–10 GeV, within a
ROI of 10∘ × 10∘ centered at the GC. From left to right, the
result within a benchmark scenario originally identified in
[259] to optimize the study of the GC anomaly at the GeV
and the remarkable improvement in the outcome of the fit
to Fermi-LAT data when adding a DM component (central
panel) or when revisiting the whole galactic diffuse emission
background on the basis of the novel steady source term
peaked at the GC (right panel).

This result has been successively corroborated and refined
in [260, 287], with the implementation of the high-resolution
galactic gas distribution obtained in [223], able to resolve
spiral arms and the galactic bar, and most importantly
providing kinematic resolution towards the GC, with the help
of hydrodynamic simulations. These HII density maps have
been consequently correlated to the CR source injection term
by means of a simple model of star formation; see [288], in
order to provide an improved modeling of CR physics at the
GC.

The relevance of the galactic diffuse emission modeling
when assessing the significance of the GeV excess at the GC
has been further acknowledged by the Fermi-LAT collabora-
tion [289]. In [289], injectedCR electrons as in [260], together
with the uncertainties on the interstellar radiation field, have
been shown to play a major role in the characterization of
the gamma-ray anomaly. As also marked by the right-bottom
panel of Figure 4, noisy residual photon counts around the
GC in the analyses of [245, 260, 289] still leave room for
an extra component in the description of gamma-ray data.
Notably, two independent studies implementing different
statistical techniques for clustering patterns in the observed
photon count maps have followed, showing very high evi-
dence in favor of a hitherto undetected population of point
sources, able to fully account for the GeV gamma-ray excess
[290, 291]. The results of these two works reached remark-
ably similar conclusions, giving substantial credit to the

MSP-like interpretation of the gamma-ray signal at the GC
(see [292, 293] for discussions about the luminosity function
of the putative MSPs at the GC) and triggering relevant
dedicated searches [294]. Nonnegligible mismodeling of
astrophysical backgrounds and foregrounds may affect the
details on the prediction for such unresolved population of
point sources within the galactic bulge; see, e.g., [261]. A
recent novel tool, SkyFACT, developed in [295], based on
image reconstruction and adaptive spatiospectral template
regression, has allowed for dramatic improvements in the
quality of the fits to gamma-ray data through fine-grained
variations of galactic diffuse emission modeling. Exploiting
this powerful package, a novel investigation on the morphol-
ogy of the excess in connection with the stellar distribution
of the bar/boxy bulge in the inner galaxy provides strong
support to the MSP hypothesis [296].

In conclusion, the GC GeV excess remains a widely
studied signal in the astro-particle community. The updated
comprehensive analysis carried out by the Fermi-LAT col-
laboration [262] fairly summarizes the most relevant factors
affecting the characterization of the signal: (1) the details
on CR production and propagation, especially in the GC
proximity; (2) the templates for the interstellar gas and
radiation field in the inner galaxy; (3) the emissivity and
morphology of the Fermi bubbles towards low latitudes; (4)
the list of point sources near the GC identified within a given
background model.

The take-home message of this long debate is likely
twofold: the existence of an extended emission from the inner
galaxy peaked at few GeV is well established; however, the
characterization of this emission, i.e., the morphology and
its intensity, strongly depends on the assumptions of the
CR source distribution (and probably also on the details of
the interactions with the molecular environments). Inter-
estingly, the interpretation in terms of unresolved point
sources, possibly associated with a population of millisecond
pulsars—currently supported by wavelet and photon count
statistics analyses—is testable in the future with more sensi-
tive radio facilities [297]. As a final outlook, let us mention
that a recent spatially extended gamma-ray signal from the
center of M31 galaxy [298] has further renewed the interest
on the GC anomaly and, for instance, may possibly shed
new light on the existence of galactic bulge MSP populations
[299].

Let us now move away from the GC region and consider
another very relevant potential discovery window. Contrary
to the complex astrophysical environment characterizing the
CMZ and the GC, dwarf spheroidal galaxies of theMilkyWay
(dSphs) stand out as very promising targets in the gamma-ray
band due to the corresponding low astrophysical background
and foreground [300, 301]. Being relatively close to us and
associated with fairly large DM densities, the gamma-ray
campaign on dSphs has been soon realized to be one of the
most potentially sensitive probes to particle DM properties
[302–304]. At present, dSph gamma-ray upper-bounds are
remarkably probing the benchmark thermal relic scenario
within theWIMPmass window [305–308]. Such upper limits
may be at odds with naive DM interpretations of the GC
excess [309, 310], while depending crucially on the estimated
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Figure 4: Importance of the cosmic-ray contribution to the galactic center excess at few GeV from the analysis of Fermi-LAT data.The three
panels refer to the residual photon count maps discussed in [245]. Figure 4 is reproduced fromGaggero et al. (2015) [245] (under the Creative
Commons Attribution License/public domain).

DM content in these galaxies, potentially affected by several
systematics [311–314].

Interestingly, hints for a gamma-ray signal possibly com-
patible with the one observed at the GC have been found in
the analysis of some of the most recently discovered Milky
Way ultra-faint satellites; see, e.g., the case of Reticulum II
[315–317]. According to the latest joint analysis of Fermi-
LAT and Dark Energy Survey collaborations, the significance
of these excesses remains at present well below the 3𝜎 level
[307]. Moreover, dedicated searches in the radio-band have
not found any counterpart of the putative gamma-ray DM
signal [318]. Note that—from the perspective of a signal
detection—a broad multiwavelength program for indirect
DM searches in dSphs would be indeed promising [319, 320].
However, in opposition to the case of gamma rays, constraints
on DM annihilation/decay derived from the observation of
dSphs in the radio and/or X band turn out to be subject
to a larger set of astrophysical uncertainties, including CR
transport physics [321].

8. Future Prospects: From MeV to Multi-TeV

The future of indirect searches is particularly bright.
In the gamma-ray band, two new regions of the spectrum

will be explored. On the low-energy side, the MeV-GeV
domain can be probed by planned experiments such as e-
ASTROGAM [322]7 and AMEGO8 (other previously pro-
posed missions include, e.g., COMPAIR [323] and ADEPT
[324]), which could be realized in the mid- and long-term
future in the late 2020s). All those experiments will feature a
2-3-order-of-magnitude increase in sensitivity [325, 326]with
respect to previous instruments operating in this window like
COMPTEL and EGRET [327, 328] and a remarkable energy
resolution especially below ≃ 10 GeV, where the detection
principle is based on Compton scattering instead of pair
production. This will guarantee a high constraining power as
far as sharp spectral features (e.g., lines originating from DM
annihilation) are concerned [329]. On theoretical grounds,
vanilla WIMP scenario in this domain of energy scales may

not be adequate due to the Lee-Weinberg bound [57, 58].
Interesting models designed to offer an explanation for a 511
keV emission line detected in the inner galaxy may be instead
well probed [330, 331].

On the other end, in the TeV domain, while many
Imaging Atmospheric Cherenkov Telescopes (MAGIC [332],
HESS9, and VERITAS10) and air-shower arrays (such as
Milagro11 and HAWC12 [333]) have already been providing
relevant results and have provided stringent constraints on
DM annihilation [334], CTA will provide a further, unprece-
dented increase in sensitivity above the TeV. We want to
emphasize that, as mentioned in Section 2, the most naive
version of theWIMPmiraclenaturally yields a predictedmass
for theDMcandidate in that ballpark. CTA can probe theDM
sector in different ways [335–338].

In connection with the main topic of this review, we stress
once again that the GC region appears promising also in this
context, which implies that a more careful modeling of the 𝛾-
ray diffuse emission from the inner galaxy will be required.
The diffusion properties, again, play then a central role: in
particular, the CR spectrum in the inner galaxy is currently a
matter or debate, and Fermi-LAT data seem to hint towards a
hardening in the inner galaxy [118, 229, 230]. DRAGON-based
models [116, 118] featuring inhomogeneous or anisotropic
diffusion, which are key features of this specific numerical
package, allow reproducing Fermi-LAT data and providing
TeV predictions [119, 228] which seem to be in accord with
a collection of data from different experiments, including
the bright and diffuse galactic Ridge emission measured by
HESS over the latest decade [339–341]. These kind of studies
will be even more important in the forthcoming years, due
to the necessity, that we have stressed several times along
this paper, of a good characterization of the astrophysical
backgrounds. The study of dwarf spheroidal galaxies will
also benefit from the expected increase in sensitivity in the
TeV domain, and the expected performance of CTA in this
channel is remarkable [342–344].

As far as charged particle channels are concerned,
the antiparticle/antinuclear avenue is particularly promising
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despite the relevant uncertainties. In fact, new high-quality
data are expected bymany experiments: besides AMS-02, the
already operating DAMPE [345] space experiment, CALET
[346], on board the International Space Station, and the next-
generation balloon ISS-CREAM [347] have the opportunity
to probe in particular the leptonic channel all the way up to
the multi-TeV range with unprecedented energy resolution
and sensitivity; planned experiments such as HERD13 will
provide a further very relevant extension in the covered
energy range and sensitivity, and—on the antinuclei side—we
are looking forward to experiments such as GAPS [348],
a balloon experiment expected to operate in 2020 and
optimized specifically for low-energy antinuclei signatures,
thanks to a novel detection technique based on exotic atom
capture and decay.

To conclude this grand tour, let us emphasize once
again the opportunity offered by the tremendous increase
in experimental accuracy we are already witnessing in these
days, and we will be further exploiting with the upcoming
years. In our opinion, in order to take full advantage of
these developments, interdisciplinarity is the main avenue.
The guaranteed outcome of the research program aimed
at indirectly detecting particle dark matter by means of
astronomical data certainly involves a more profound under-
standing of the CR physics outlined across this review. It
is therefore crucial to deepen and broaden the connections
between the research fields we have described above: both the
high energy astrophysics and the particle physics community
would unquestionably benefit from a cutting-edge increasing
crossover.
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Endnotes

1. The Alfvén speed is supersonic in most typical ISM
environments: hotHII regions, warm intercloud gas, and
molecular gas, with 𝛽 ≡ (V𝑠/V𝐴)2 ≃ 0.1 ÷ 0.3 everywhere
[349].

2. As a reference, the reader can keep in mind that the
energy scales from GeV to PeV, characteristic of galactic
CRs, resonate with scales from O(AU) to O(pc).

3. Equivalently, in term of pitch angle, in the direction
along the regular field we can write

𝜕𝑓𝜕𝑡 + V𝜇𝜕𝑓𝜕𝑥 = 𝜕𝜕𝜇 (𝐷𝜇𝜇 𝜕𝑓𝜕𝜇) . (∗)

4. We outline in particular the relevant role of the cross-
section uncertainties (see also [135] and references
therein). In this regard, there has been a remarkable
activity in the latest years both concerning semiempir-
ical parametrizations (tuned on experimental datasets)
and Monte Carlo event generators: as far as the former
category is concerned, new models have been proposed
based on the data provided by the NA49 and BRAHMS
collaborations [350–353]; concerning the latter, sev-
eral codes (e.g., EPOS 1.99 [354], SIBYLL [355], and
QGSJET-II-04 [356]) have been recently tuned to LHC
data (see, e.g., [354, 356]).

5. http://dpnc.unige.ch/dampe/.
6. http://calet.phys.lsu.edu/.
7. e-ASTROGAM is proposed as ESA M5 mission.
8. See pcos.gsfc.nasa.gov/physpag/probe/AMEGO probe

.pdf
9. www.mpi-hd.mpg.de/hfm/HESS.
10. veritas.sao.arizona.edu/.
11. http://umdgrb.umd.edu/cosmic/milagro.html.
12. umdgrb.umd.edu/hawc/index.php.
13. http://herd.ihep.ac.cn/.
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[142] G. Jóhannesson, R. R. de Austri, A. C. Vincent et al., “Bayesian
analysis of cosmic ray propagation: evidence against homoge-
neous diffusion,”The Astrophysical Journal, vol. 824, no. 1, 2016.

[143] C. Evoli, D. Gaggero, and D. Grasso, “Secondary antiprotons
as a galactic dark matter probe,” Journal of Cosmology and
Astroparticle Physics, vol. 2015, no. 12, 2015.

[144] Q. Yuan, S.-J. Lin, K. Fang, and X.-J. Bi, “Propagation of cosmic
rays in the AMS-02 era,” Physical Review D, vol. 95, no. 8, 2017.

[145] J.-S. Niu and T. Li, “Galactic cosmic-ray model in the light of
AMS-02 nuclei data,” Physical Review D, vol. 97, no. 2, 2017.

[146] A. Buffington and S. M. Schindler, “Recent cosmic-ray antipro-
ton measurements and astrophysical implications,” The Astro-
physical Journal Letters, vol. 247, pp. L105–L109, 1981.

[147] J. Ellis, R. A. Flores, K. Freese, S. Ritz, D. Seckel, and J. Silk,
“Cosmic ray constraints on the annihilations of relic particles
in the galactic halo,” Physics Letters B, vol. 214, no. 3, pp. 403–
412, 1988.

[148] S. Rudaz and F.W. Stecker, “Cosmic-ray antiprotons, positrons,
and gamma rays from halo dark matter annihilation,” The
Astrophysical Journal, vol. 325, pp. 16–25, 1988.
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Nonsupersymmetric minimal SU(5) with Higgs representations 24�퐻 and 5�퐻 and standard fermions in 5�퐹 ⊕ 10�퐹 is well known for
its failure in unification of gauge couplings and lack of predicting neutrino masses. Like standard model, it is also affected by the
instability of theHiggs scalar potential.We note that extending theHiggs sector by 75�퐻 and 15�퐻 not only leads to the popular type-II
seesaw ansatz for neutrino masses with a lower bound on the triplet mass𝑀Δ > 2×109 GeV, but also achieves precision unification
of gauge couplings without proliferation of nonstandard light Higgs scalars or fermions near the TeV scale. Consistent with recent
LUX-2016 lower bound, the model easily accommodates a singlet scalar WIMP dark matter near the TeV scale which resolves the
vacuum stability issue even after inclusion of heavy triplet threshold effect. We estimate proton lifetime predictions for 𝑝 → 𝑒+𝜋0
including uncertainties due to input parameters and threshold effects due to superheavy Higgs scalars and superheavy𝑋±4/3, 𝑌±1/3

gauge bosons. The predicted lifetime is noted to be verifiable at Super Kamiokande and Hyper Kamiokande experiments.

1. Introduction

Standard model (SM) of strong and electroweak interactions
has been established by numerous experimental tests, yet
evidences on neutrino mass [1–5], the phenomena of dark
matter [6–25] , and baryon asymmetry of the universe (BAU)
[8, 26–29] call for beyond standard model (BSM) physics. It
is well known that grand unified theories (GUTs) [30–37]
are capable of addressing a number of limitations of the SM
effectively. There are interesting theories on neutrino mass
generation mechanisms [38–45] based upon various seesaw
mechanisms such as type-I, type-II, type-III [46–62], linear
[63, 64], and inverse [65–75]. Interesting models for Dirac
neutrino mass origin of the neutrino oscillation data have
been also proposed [76, 77]. In the absence of experimental
evidence of supersymmetry so far, nonsupersymmetric (non-
SUSY) GUTs are being extensively exploited by reconciling
to the underlying gauge hierarchy problem through fine-
tuning [78, 79]. Higher rank GUTs like SO(10) and 𝐸6 can
not define a unique symmetry breaking path to the SM
gauge theory because of large number of possibilities with

one and more intermediate symmetry breakings consistent
with electroweak precision data on sin2𝜃�푊(𝑀�푍), 𝛼�푆(𝑀�푍), and𝛼(𝑀�푍) [80–82]. On the other hand, the rank-4 minimal
SU(5) [32] with Higgs representations 5�퐻 and 24�퐻 defines
only one unique symmetry breaking path to the standard
model 𝑆𝑈 (5) → 𝑆𝑀. (1)

Type-I seesaw [46–52] needs nonstandard heavy right-
handed neutrino, linear and inverse seesaw both need non-
standard fermions and scalars, and type-III seesaw [38–45,
58–62] needs only nonstandard fermionic extension for their
implementation. Out of these popular seesaw mechanisms,
type-II seesaw mechanism is the one which needs a heavy
nonstandard triplet scalar [52–57, 59]. With a second triplet
scalar, it is also capable of predicting baryon asymmetry of
the universe [57]which is one of themainmotivations behind
this investigation.This neutrinomass generationmechanism,
gauge coupling unification, darkmatter, and vacuum stability
are the focus of the present work.
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Like the minimal SM, with its 15 fermions per generation
and the standard Higgs doublet 𝜙(2, 1/2, 1), the minimal
SU(5) with Higgs representations 5�퐻 and 24�퐻 predicts neu-
trinos to bemassless subject to a tinyO(10−5) eV contribution
due to nonrenormalizable Planck scale effect which is nearly4 orders smaller than the requirement of neutrino oscillation
data. As the particle spectrum below the GUT symmetry
breaking scale is identically equal to the SM spectrum, like
SM, the minimal GUT fails to unify gauge couplings [83–
87]. Also it predicts instability of the Higgs quartic coupling
at mass scales 𝜇 ≥ 5 × 109 GeV [88–90] after which the
coupling continues to be increasingly negative at least up to
the unification scale.

A number of interesting models have been suggested
for coupling unification by populating the grand desert and
for enhancing proton lifetime predictions [60–62, 91–98]. In
these models a number of fermion or scalar masses below the
GUT scale have been utilised to achieve unification. Interest-
ing possibility of type-III seesaw [60–62] with experimentally
verifiable dilepton production [99] at LHC has been also
investigated.

The other shortcoming of minimal non-SUSY SU(5) is
its inability to predict dark matter which appears to belong
to two distinct categories: (i) the weakly interacting massive
particle (WIMP) darkmatter of boundedmass< 100TeV and
(ii) the decaying dark matter which has been suggested to be
a possible source of PeV energy IceCube neutrinos.

In this work we implement a novel mechanism for
coupling unification and neutrino masses together. When
SU(5) is extended by the addition of its Higgs representations75�퐻 and 15�퐻, it achieves two objectives: (i) neutrinomass and
mixing generation through type-II seesaw mechanism and
(ii) precision gauge coupling unification with experimentally
accessible proton lifetime.

But this does not cure the vacuum instability problem
persisting in the model as well as the need for WIMP dark
matter prediction. Out of these two, as we note in this work,
when the dark matter prediction is successfully inducted
into the model, the other problem on vacuum stability is
automatically resolved.

In contrast to the popular belief on low proton lifetime
prediction of theminimal SU(5) [35], we estimate newprecise
and enhanced predictions of this model including threshold
effects [100–108] of heavy particles near the GUT scale. Pre-
dicted lifetimes are found to be within the accessible ranges
of Superkamiokande and Hyperkamiokande experimental
search programmes [109].

This paper is organised in the following manner. In
Section 2 we discuss neutrino mass generation mechanism
in extended SU(5). Section 3 deals with the problem of
gauge coupling unification. In Section 4 we make proton
lifetime prediction including possible uncertainties. Embed-
ding WIMP scalar DM in SU(5) is discussed in Section 5
with a brief outline on the current experimental status.
Resolution of vacuum stability issue is explained in Section 6.
We summarise and conclude in Section 7. Renormalization
group equations for gauge and Higgs quartic couplings are
discussed in the Appendix.

2. Neutrino Mass Through Type-II
Seesaw in SU(5)

As noted in Section 1, in contrast to many possible alternative
symmetry breaking paths to SM from non-SUSY SO(10) and𝐸6 [80–82], SU(5) predicts only one symmetry breaking path
which enhances its verifiable predictive capability. Fifteen SM
fermions are placed in two different SU(5) representations:

5�퐹 =(((
(

𝑑�퐶1𝑑�퐶2𝑑�퐶3𝑒−−]�푒
)))
)�퐿

,

10�퐹 =(((
(

0 𝑢�퐶2 −𝑢�퐶3 𝑢1 𝑑1−𝑢�퐶2 0 𝑢�퐶1 𝑢2 𝑑2𝑢�퐶3 −𝑢�퐶1 0 𝑢3 𝑑3−𝑢1 −𝑢2 −𝑢3 0 𝑒�퐶−𝑑1 −𝑑2 −𝑑3 −𝑒�퐶 0
)))
)�퐿

.
(2)

Lack of RH] in these representations gives vanishing Dirac
neutrino mass and vanishing Majorana neutrino mass at
renormalizable level. Planck scale induced small Majorana
masses can be generated through nonrenormalizable dim.5
interaction −L�푁�푅 = 𝜅�푖�푗𝑀Planck

5�퐹𝑖5�퐹𝑗5�퐻5�퐻 + ℎ.𝑐, (3)

leading to 𝑚] ∼ 10−5 eV which is too low to explain
neutrino oscillation data. Mechanism of Dirac neutrinomass
generation has been discussed [76, 77]matching the neutrino
oscillation data. Using extensions of the minimal GUT type-
III seesaw origin of neutrino mass has been discussed where
the nonstandard fermionic triplet Σ�퐹(3, 0, 1) mediates the
seesaw. This model can be experimentally tested by the
production of like-sign dilepton signals at LHC.

Type-II seesaw mechanism for neutrino mass [53–57]
does not need any nonstandard fermion but needs only
the nonstandard left-handed Higgs scalar triplet Δ �퐿(3, −1, 1)
with𝑌 = −2which directly couples with the a dilepton pair. It
also directly couples to standard Higgs doublet 𝜙. As such the
standard Higgs VEV can be transmitted as a small induced
VEV generating Majorana mass term for the light neutrinos.
As this Δ �퐿(3, −1, 1) is contained in the symmetric SU(5)
scalar representation 15�퐻, the scalar sector of the minimal
GUT needs to include 15�퐻 in addition to 5�퐻 and 24�퐻.

The Yukawa Lagrangian

−L(�퐼�퐼) = 𝑙�푇�퐿 𝑖𝐶𝑖𝜏2𝑌�푖�푗(→𝜏 .→Δ �퐿√2 )† 𝑙�퐿𝑗 + ℎ.𝑐, (4)

combined with the relevant part of the Higgs potential

V�퐼�퐼 = 𝑀2
Δ𝑇𝑟 [Δ†�퐿Δ �퐿] + 𝜇Δ𝜙†(→𝜏 .→Δ �퐿√2 )𝜙 + ℎ.𝑐. (5)
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gives rise to the type-II seesaw contribution. In our notation𝑙�푇�퐿 𝑖 = (]�퐿 𝑖 , 𝑒�퐿 𝑖) (𝑖 = generation index) and 𝜙�푇 = (𝜙+, 𝜙0)which
are the lepton and scalar doublet of 𝑆𝑈(2)�퐿. Here 𝜙 = 𝑖𝜏2𝜙∗,→𝜏 = (𝜏1, 𝜏2, 𝜏3) (𝜏�푖 are the 2 × 2 Pauli spin matrices) and,
similarly, the scalar triplet Δ �퐿 in the adjoint representation
of 𝑆𝑈(2)�퐿 is expressed as →Δ �퐿 = (Δ1�퐿, Δ2�퐿, Δ3�퐿). The Majorana
type Yukawa coupling 𝑌 is a 3 × 3matrix in flavor space and𝐶 is the charge conjugation matrix. Then

(→𝜏 .→Δ �퐿√2 ) = 1√2 (𝜏1Δ1�퐿 + 𝜏2Δ2�퐿 + 𝜏3Δ3�퐿)
= (Δ+√2 Δ++Δ0 −Δ+√2)�퐿

(6)

where different components are given by

Δ0�퐿 = 1√2 (Δ1�퐿 + 𝑖Δ2�퐿) ,Δ+�퐿 = Δ3�퐿,Δ++�퐿 = 1√2 (Δ1�퐿 − 𝑖Δ2�퐿)
(7)

A diagrammatic representation for type-II seesaw generation
of neutrino mass is shown in Figure 1. From the Feynman
diagram shown in Figure 1 the induced VEV of the scalar
triplet is

V�퐿 = 𝜇ΔV22𝑀2
Δ

, (8)

leading to the type-II seesaw formula𝑚] = 2𝑌V�퐿. (9)

It is necessary to explain the origin of the 𝐵 − 𝐿 breaking
scale 𝜇Δ that occurs in (4), (5), and (8) as well as the
Feynman diagram of Figure 1. SU(5) invariance permits the
triplet coupling𝜇Δ15†�퐻5�퐻5�퐻 leading to SM invariant coupling𝜇ΔΔ �퐿𝜙𝜙. Therefore, in one approach, 𝜇Δ may be treated as
explicitly lepton number violating parameter. Alternatively,
it is also possible to attribute a spontaneous lepton number
violating origin to this parameter. Since the SM model gauge
theory has to remain unbrokendown to the electroweak scale,
the lepton number violating scale can be generated by the
VEV of a Higgs scalar that transforms as a singlet under SM.
Such a singlet 𝑆�퐵�퐿(1, 0, 1) carrying 𝐵 − 𝐿 = −2 occurs in
the Higgs representation 50�퐻 [36, 110]. The part of the SU(5)
invariant potential that generates this scale is𝑉�퐵�퐿 = 𝜆550�퐻15�퐻5�퐻5�퐻 + ℎ.𝑐, (10)

leading to 𝜇Δ = 𝜆5 < 𝑆�퐵�퐿 >. The 𝑈(1)�퐵−�퐿 symmetric origin
of 𝜇Δ𝐿 becomes more transparent if one treats SU(5) as the
remnant of 𝑆𝑈(5)×𝑈(1)�퐵−�퐿 or higher rank GUTs like SO(10)
and𝐸6. If unification constraint as discussed below is ignored,
the order of magnitude of 𝜇Δ can be anywhere in the range
O(MW) − O(MPlanck). But as we will find in the subsequent
sections, gauge coupling unification in the present SU(5)
framework imposes the lower bound 𝜇Δ ≃ 𝑀Δ ≥ 109.23 GeV.
2.1. Type-II Seesaw Fit to the Neutrino Oscillation Data

2.1.1. Neutrino Mass Matrix from Oscillation Data. The effec-
tive light neutrino mass matrix (𝑚]) is diagonalised by a
unitary matrix𝑈 (in PMNS parametrisation which is written
as 𝑈PMNS) and yields three mass eigenvalues (𝑚1, 𝑚2, 𝑚3).
The light neutrino mass matrix (𝑚]) can be reconstructed as𝑚] = 𝑈�푃�푀�푁�푆diag (𝑚1, 𝑚2, 𝑚3) 𝑈�푇

�푃�푀�푁�푆, (11)

where PMNSmatrix is parameterised using the PDG conven-
tion [111] as

𝑈PMNS = ( 𝑐12𝑐13 𝑠12𝑐13 𝑠13𝑒−�푖�훿−𝑠12𝑐23 − 𝑐12𝑠23𝑠13𝑒�푖�훿 𝑐12𝑐23 − 𝑠12𝑠23𝑠13𝑒�푖�훿 𝑠23𝑐13𝑠12𝑠23 − 𝑐12𝑐23𝑠13𝑒�푖�훿 −𝑐12𝑠23 − 𝑠12𝑐23𝑠13𝑒�푖�훿 𝑐23𝑐13 ) diag (𝑒�푖�훼𝑀/2, 𝑒�푖�훽𝑀/2, 1) (12)

where 𝑠�푖�푗 = sin 𝜃�푖�푗, 𝑐�푖�푗 = cos 𝜃�푖�푗 with (𝑖, 𝑗 = 1, 2, 3), 𝛿 is the
Dirac CP phase, and (𝛼�푀, 𝛽�푀) are Majorana phases.

Here we present our numerical analysis within 3𝜎 and 1𝜎
limits of experimental data. As we do not have any experi-
mental information about Majorana phases, they are varied
in the whole 2𝜋 interval randomly. From the set of randomly
generated values we pick only one set of (𝛼�푀, 𝛽�푀) and use
them for our numerical estimations. The procedure adopted

here can be repeated to derive corresponding solutions for
the Majorana coupling matrix 𝑌 for other sets of randomly
chosen Majorana phases. Although very recently 3𝜎 and 1𝜎
limits of Dirac CP phase have been announced [1], we prefer
to use only their central value as an example. For our present
analysis we choose a single set of (𝛼�푀, 𝛽�푀) from a number
of sets derived by random sampling and also a single value
of 𝛿 close to the best fit value. For our analysis all possible
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Figure 1: Schematic representation of generation of type-II term corresponding to (4) (a) and combination of (5)(b) where dashed line as
triplet propagator supplies the damping factor𝑀−2

Δ to the induced vev V�퐿.

values of the solar and atmospheric mass squared differences
andmixing angles have been takenwhich lie within the 3𝜎 (or1𝜎) limit of the oscillation data as determined by recent global
analysis [1]. Summary of the global analysis is presented in
Table 1. At first we analyze the limits imposed on the neutrino
Yukawa couplings by 3𝜎 oscillation constraints taking into
account both the mass ordering of light neutrinos, normal
ordering (NO), and inverted ordering (IO). In this caseweuse
only one fixed value of the lightest neutrino mass eigenvalue
and the other two mass eigenvalues are calculated using
the experimental values of the mass squared differences.
In this 3𝜎 case we represent the bounds on the elements
of Yukawa matrix in a tabular form. Later we proceed to
estimate the bounds on the 𝑌 matrix elements imposed by1𝜎 experimental constraints of oscillation observables. In this
analysis instead of fixed lightest neutrinomass eigenvalue, we
vary it in the range (0−0.2) eV.Theother twomass eigenvalues
are calculated using 1𝜎 ranges of solar and atmospheric
mass squared differences. As already explained we use a
single set of randomly chosen (𝛼�푀, 𝛽�푀) and the central
value of 𝛿 quoted in the Table 1. The variation of 𝑌 matrix
elements is expressed in terms of their moduli (|𝑌�푖�푗|) and the
corresponding phases (𝜙�푖�푗)) with𝑚1 are shown graphically in
Figures 2, 3, and 4 in theNOcase. It is clear from the plots that
for each single value of 𝑚1 there is a band of allowed values
of |𝑌�푖�푗| and 𝜙�푖�푗. This band signifies the 1𝜎 allowed range of
the corresponding matrix element for that single value of𝑚1.
To represent the 1𝜎 bounds in a more transparent manner
we produce another set of plots as in Figures 5 and 6 where
we show the allowed values of |𝑌�푖�푗| and 𝜙�푖�푗 for a fixed value
of 𝑚1. It is to be noted that in this present work graphical
representation is done for normally ordered light neutrinos
only. Similar kind of exercise can be carried out for inverted
mass ordering also.

2.1.2. Majorana Yukawa Coupling for 3𝜎 Bounds of Neutrino
Oscillation Data. We now estimate the 𝑚] matrix for the
normally ordered (NO) case. For this purpose we take the
mass of the lightest neutrino as 𝑚1 = 0.00127 eV. Then
using the 3𝜎 ranges of solar and atmospheric mass squared
differences for NO case, as mentioned in Table 1, the other

two neutrino mass eigenvalues are calculated. Obviously we
get a range of values of 𝑚2 and 𝑚3. Plugging in these mass
eigenvalues along with all possible combinations and the
mixing angles within the 3𝜎 bound in (11) we obtain large
number of sets of 𝑚] matrix. Thus we also get respective
bounds on the elements of the 𝑚] matrix (or equivalently
on the Yukawa coupling matrix 𝑌) corresponding to the 3𝜎
oscillation constraints. As mentioned earlier we use single
set of randomly chosen Majorana phases while the Dirac
CP phase is chosen close to its central value. The effective
light neutrino mass matrix𝑚] and the coupling matrix 𝑌 are
connected through the induced VEV V�푙 which is obtained by
assuming the dimensionful coupling 𝜇Δ ∼ 𝑀Δ where𝑀Δ =1012 GeV and the electroweak VEV is 246 GeV. With these
considerations we estimate the 3𝜎 bound on the elements
of 𝑌 matrix and present them in Table 2. In the inverted
mass ordering the smallest mass eigenvalue is 𝑚3 which is
set to be equal to 0.00127 eV. The other two eigenvalues are
calculated using the 3𝜎 limit of the solar and atmospheric
mass squared differences. In this case also we are able to put
a bound on the modulus and phase of the Yukawa coupling
matrix following the same procedure as done in the case of
NO. The constrained parameters (|𝑌�푖�푗|, 𝜙�푖�푗) for inverted mass
ordering are given in Table 3.

As we have taken a most general complex symmetric
structure of the 𝑚] matrix (or in other words the Yukawa
couplingmatrix𝑌)without imposing any kinds specific flavor
symmetry, it does not have any definite prediction of the
Dirac CP violating phase 𝛿. Any value of 𝛿 in the given3𝜎 range can be accommodated. In this regard few remarks
about the present experimental status of the Dirac CP phase
are in order. The recent global analysis of oscillation data
done in [1] has made it clear that value of the Dirac CP phase𝛿 = 𝜋/2 is more or less ruled out. In normal mass ordering
(NO) 𝛿 = 𝜋/2 is disfavored at more than 4𝜎 confidence level
whereas for inverted mass ordering (IO) it is more stringent,
where 𝛿 = 𝜋/2 is ruled out at more than 6𝜎. The best fit
value of 𝛿 in NO and IO is near 1.2𝜋 and 1.5𝜋, respectively.
For the sake of simplicity we work with only the best fit
values. We have also estimated the highest and lowest values
of the CP violating measure, the Jarlskog invariant (𝐽�퐶�푃 =
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Table 1: Input data from neutrino oscillation experiments [1].

Quantity best fit values 3𝜎 ranges 2𝜎 ranges 1𝜎 rangesΔ𝑚2
21 [10−5𝑒𝑉2] 7.55 7.05 − 8.14 7.20 − 7.94 7.39 − 7.55Δ𝑚2
31
 [10−3𝑒𝑉2] (𝑁𝑂) 2.50 2.41 − 2.60 2.44 − 2.57 2.47 − 2.53Δ𝑚2

31
 [10−3𝑒𝑉2] (𝐼𝑂) 2.42 2.31 − 2.51 2.34 − 2.47 2.38 − 2.46𝜃12/∘ 34.5 31.5 − 38.0 32.2 − 36.8 33.5 − 35.7𝜃23/∘(𝑁𝑂) 47.7 41.8 − 50.7 43.1 − 49.8 46 − 48.9𝜃23/∘(𝐼𝑂) 47.9 42.2 − 50.7 44.5 − 48.9 46.2 − 48.9𝜃13/∘(𝑁𝑂) 8.45 8 − 8.9 8.2 − 8.8 8.31 − 8.61𝜃13/∘(𝐼𝑂) 8.53 8.1 − 9 8.3 − 8.8 8.38 − 8.67𝛿/∘(𝑁𝑂) 218 157 − 349 182 − 315 191 − 256𝛿/∘(𝐼𝑂) 281 202 − 349 229 − 328 254 − 304

(a) (b)

Figure 2: Determination of moduli of 𝑌 matrix elements within 1𝜎 uncertainty of oscillation data as a function of lightest neutrino mass
eigenvalues 𝑚1. Phase angles used are randomly chosen Majorana phases 𝛼�푀 = 37.91∘, 𝛽�푀 = 157.91∘ and central value of the Dirac phase𝛿 = 216∘. In (a) red and yellow regions denote 1𝜎 allowed values |𝑌11| and |𝑌12|, respectively. In (b) red patch gives values of |𝑌13| whereas
yellow region denotes the same for |𝑌23| within the same uncertainty of the oscillation data.

−𝑠12𝑐12𝑠13𝑐213𝑠23𝑐23 sin 𝛿) for both themass orderings. For NO:𝐽�퐶�푃 = 0.0175 − 0.0212, for IO: 𝐽�퐶�푃 = 0.0302 − 0.0365 when 𝛿
is kept fixed at its best fit value whereas all other observables
are varying in their respective 3𝜎 ranges.

2.1.3. Majorana Yukawa Coupling for 1𝜎 Bounds of Neutrino
Oscillation Data. Here we follow exactly the samemethodol-
ogy as the previous case, however the numerical calculations
are donewith 1𝜎 ranges of oscillation data instead of 3𝜎 range.
Here we are exploring the normally ordered case only. Unlike
the previous case the lightest neutrino mass eigenvalue𝑚1 is
not kept fixed; it is varied over a range of (0 − 0.2) eV and
the corresponding variations of the modulus and phase of
Majorana Yukawa couplings are depicted in Figures 2, 3, and
4.The 1𝜎 allowed ranges of those quantities for a fixed𝑚1 are
also shown in Figures 5 and 6.

3. Gauge Coupling Unification in the Scalar
Extended SU(5)

3.1. Lower Bound on the Scalar Triplet Mass. Exercising
utmost economy in populating the grand desert, it was noted
that the presence of the scalar component 𝜅(3, 0, 8) ⊂ 75�퐻
at an intermediate mass ≃ 1010 GeV could achieve gauge
coupling unification at 𝑀�퐺�푈�푇 ≃ 1015 GeV [112] but no
neutrino oscillation data was available at that time. Using
the most recent electroweak precision data [111, 113, 114],
in this work we find that this intermediate scalar mass is
now reduced by one order, 𝑀�휅 = 109.23 GeV. Similarly the
GUT scale is now determined with high precision includ-
ing all possible theoretical and experimental uncertainties.
Noting the result of this work as discussed in Section 2
that type-II seesaw realisation of neutrino mass needs 𝑀Δ



6 Advances in High Energy Physics

(a) (b)

Figure 3: Determination of moduli of 𝑌 matrix elements within 1𝜎 uncertainty of oscillation data as a function of lightest neutrino mass
eigenvalues𝑚1 as shown in (a) for |𝑌22|, and in (b) for |𝑌33|. Phase angles used are the same as in Figure 2.

(a) (b) (c)

Figure 4: Determination of phases of𝑌matrix elements as a function of lightest neutrinomass eigenvalues𝑚1 within 1𝜎 allowed uncertainty
of oscillation data. Phase angles used are the same as in Figure 2. In (a) red region denotes values of 𝜙11. In (b) red and yellow regions denote
allowed values 𝜙12 and 𝜙13, respectively. In (c) red, yellow, and blue patches give allowed values of 𝜙22, 𝜙23, and 𝜙33, respectively.
substantially lower than the GUT scale leads to the natural
apprehension that the presence Δ �퐿(3, −1, 1) at intermediate
mass scale would destroy precision unification achieved by𝜅(3, 0, 8). This apprehension is logically founded on the basis
that nonvanishing contributions to the 𝑆𝑈(2)�퐿 and 𝑈(1)�푌
beta functions would misalign the fine structure constants𝛼2�퐿(𝜇) and 𝛼�푌(𝜇) from the 𝜅(3, 0, 8) realised unification paths
substantially for all mass scales 𝜇 > 𝑀Δ.

We prevent any such deviation from the 𝜅(3, 0, 8)-
realisation of precision coupling unification by assuming all
the components of 15�퐻 ⊂ 𝑆𝑈(5) to have the identical
degenerate mass 𝑀Δ which is bounded in the following
manner:

𝑀�휅 ≤ (𝑀Δ = 𝑀15𝐻
) ≤ 𝑀G�푈�푇. (13)

Thus, in order to safeguard precision unification, it is essential
that𝑀Δ = 𝑀15𝐻

≥ 𝑀�휅 in the present scalar extended SU(5)
model (the upper limit is due to our observation that type-
II seesaw scale is lower than the GUT scale although, strictly
speaking,𝑀Δ = 𝑀15𝐻

> 𝑀G�푈�푇 is possible if type-II seesaw
contribution to neutrino mass is ignored).

Thus type-II seesaw realisation of neutrino mass and
precision unification in SU(5) needs the additional scalar
representations 15�퐻 and 75�퐻.
3.2. RG Solutions to Mass Scales. For realistic unifica-
tion of gauge couplings we use one loop equations [115]
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(a) (b) (c)

Figure 5: Determination of moduli of 𝑌matrix elements for a fixed value of lightest mass eigenvalue𝑚1 = 0.00127 eV. Phase angles used for
computation are 𝛼�푀 = 124.37∘, 𝛽�푀 = 86.27∘ (randomly chosen), and 𝛿 = 216∘. Neutrino oscillation observables are varied within 1𝜎 range.
(a) Variation of |𝑌11| with |𝑌12|, (b) |𝑌13| versus |𝑌22|, and (c) |𝑌23| versus |𝑌33|.

(a) (b) (c)

Figure 6: Determination of phases of 𝑌 matrix elements for fixed value of lightest mass eigenvalue 𝑚1 = 0.001 eV. Phase angles used for
computation are the same as in Figure 5. Neutrino oscillation observables are varied within 1𝜎 range; (a) variation of 𝜙11 with 𝜙12, (b) 𝜙13
versus 𝜙22, and (c) 𝜙23 versus 𝜙33.
supplemented by top-quark threshold effects [83] and two-
loop corrections [116]

𝜇𝜕𝑔�푖 (𝜇)𝜕𝜇 = 𝑎�푖16𝜋2𝑔3�푖 + 1(16𝜋2)2 [Σ�푗𝑏�푖�푗𝑔3�푖 𝑔2�푗 − 𝜅�푖𝑦2top] (14)

In the range of mass scale 𝜇 = 𝑀�푍 − 𝑀U we include
top-quark Yukawa coupling (𝑦�푡�표�푝) contribution at the two-
loop level with the coefficients in (14) 𝜅1�푌 = 17/10, 𝜅2�퐿 =3/2, 𝜅3�퐶 = 2 and the RG evolution equation [83]

𝜇𝜕𝑦�푡�표�푝𝜕𝜇 = 𝑦�푡�표�푝16𝜋2 (92𝑦2�푡�표�푝 − 1720𝑔21�푌 − 94𝑔22�퐿 − 8𝑔23�퐶) (15)

The beta function coefficients in three different mass ranges𝜇 = 𝑀�푍 → 𝑀�휅, 𝜇 = 𝑀�휎 −𝑀Δ, and 𝜇 = 𝑀Δ −𝑀�푈 are

𝜇 = 𝑀�푍 → 𝑀�휅 :
𝑎�푌 = 4110 ,𝑎2�퐿 = −196 ,𝑎3�퐶 = −7,

(16)

𝜇 = 𝑀�휅 → 𝑀Δ :
𝑎�耠�푌 = 4110 ,𝑎�耠2�퐿 = −12 ,𝑎�耠3�퐶 = −112 ,

(17)
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Table 2: Numerical values of the moduli (|𝑌�푖�푗|) and phases (𝜙�푖�푗) (𝑖, 𝑗 = 1, 2, 3) of Yukawa coupling matrix for normally ordered (NO) light
neutrino masses corresponding to 3𝜎 global fit of neutrino oscillation data. Lightest neutrino mass eigenvalue is kept fixed at 𝑚1 = 0.00127
eV for the sake of simplicity. Randomly chosenMajorana phases 𝛼�푀 = 74.84∘, 𝛽�푀 = 112.85∘ and the central value of the Dirac phase 𝛿 = 218∘
have been used.|𝑌11| |𝑌12| |𝑌13| |𝑌22| |𝑌23| |𝑌33|(1.74 − 3.95) × 10−5 (1.13 − 1.44) × 10−4 (4.09 − 6.71) × 10−5 (3.20 − 4.67) × 10−4 (4.07 − 4.35) × 10−4 (3.05 − 4.5) × 10−4𝜙11 𝜙12 𝜙13 𝜙22 𝜙23 𝜙33
(deg.) (deg.) (deg.) (deg.) (deg.) (deg.)(−65.24) − (−61.73) (−48.50) − (−44.22) (−17.48) − 8.27 4.67 − 10.6 (−6.81) − (−5.34) 3.77 − 10.0
Table 3: Numerical values of the moduli (|𝑌�푖�푗|) and phases (𝜙�푖�푗) (𝑖, 𝑗 = 1, 2, 3) of Yukawa coupling matrix 𝑌 for invertedly ordered (IO) light
neutrino masses corresponding to 3𝜎 global fit of neutrino oscillation data. Lightest neutrino mass eigenvalue is kept fixed at 𝑚3 = 0.00127
eV. Phase angles used are the same as in Table 2.|𝑌11| |𝑌12| |𝑌13| |𝑌22| |𝑌23| |𝑌33|(4.38 − 5.3) × 10−4 (4.29 − 5.5) × 10−4 (3.55 − 4.87) × 10−4 (8.83 − 23.5) × 10−5 (2.13 − 2.89) × 10−4 (2.84 − 4.0) × 10−4𝜙11 𝜙12 𝜙13 𝜙22 𝜙23 𝜙33
(deg.) (deg.) (deg.) (deg.) (deg.) (deg.)52.96 (−6.51)−(−3.16) 0.5 (−60) − (−32.31) (−69.16) − (−51.39) (−78.89) − (−61.92)68.35 4.5
𝜇 = 𝑀Δ → 𝑀�푈 :

𝑎�耠�耠�푌 = 7915 ,𝑎�耠�耠2�퐿 = 23 ,𝑎�耠�耠3�퐶 = −133 .
(18)

Wehave used themost recent electroweak precision data [114]

𝛼�푆 (𝑀�푍) = 0.1182 ± 0.0005,
sin2 𝜃�푊 (𝑀Z) = 0.23129 ± 0.00005,𝛼−1 (𝑀�푍) = 127.94 ± 0.02. (19)

Using RGEs and the combinations 1/𝛼(𝑀�푍) −(8/3)1/𝛼2�퐿(𝑀�푍) and 1/𝛼(𝑀�푍) − (8/3)1/𝛼3�퐶(𝑀�푍), we
have derived analytic formulas for the unification scale and
intermediate scale(𝑀�휅) treating 𝑆𝑈(2)�퐿 triplet scalar scale
(𝑀Δ) constant as

ln
𝑀0

�푈𝑀�푍

= 2𝜋187𝛼 (7 − 80𝛼3𝛼3�퐶 + 8𝑠2�푊) + Δ�푈

ln
𝑀0

�휅𝑀�푍

= 12𝜋187𝛼 (5 + 23𝛼3𝛼3�퐶 − 21𝑠2�푊) + Δ �휅1𝛼�퐺0 = 38𝛼 + 1187𝛼 (3478 + 466𝛼3𝛼3�퐶 − 271𝑠2�푊)+ Δ �훼𝐺

(20)

where 𝑠2�푊 = sin2 𝜃�푊(𝑀�푍) and the first term in (20) represent
one loop contributions. The terms Δ�푖�퐼, 𝑖 = 𝑈, 𝜅, 𝛼�퐺, denote
the threshold corrections due to unification scale (𝑀�푈),
intermediate scale (𝑀�휅), and GUT fine structure constant
(1/𝛼�퐺).

Excellent unification of gauge couplings is found for𝑀0
�푈 = 1015.2+0.0312GeV,𝑀0
�휅 = 109.23GeV,𝛼−1�퐺0 = 41.79 (21)

where the number 0.0312 in the exponent is due toGUT scale
matching of inverse fine structure constant that is present
even if all superheavy masses are exactly at 𝜇 = 𝑀0

�푈 [101, 103–
105].

3.3. Effects of 15�퐻 onUnification. It is well known that when a
complete GUT representation is superimposed on an already
realised unification pattern in non-SUSY GUTs [117, 118], the
GUT scale is unchanged but the inverse fine structure con-
stants change their slopes and deviate from the original paths
proportionately so as to increase the unification coupling. As
an example in non-SUSY SO(10) [117, 118], at first a precision
unification frame has been achieved with the modification of
the TeV scale spectrum of the minimal SUSY GUT by taking
out the full scalar super partner content of the spinorial super
field representation 16 ⊂ 𝑆𝑂(10).Then the resultingTeV scale
spectrum is [117, 118]

𝜒(2, −12 , 1) ,𝐹�휙 (2, 12 , 1) ,
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𝐹�휒 (2, −12 , 1) ,𝐹�휎 (3, 0, 1) ,𝐹�푏 (1, 0, 1) ,𝐹�푐 (1, 0, 8)
(22)

which may be recognised to be the same as the correspond-
ing spectrum in the split-SUSY case supplemented by the
additional scalar doublet 𝜒(2, −1/2, 1). In 3.3 𝐹�푖’s represent
nonstandard fermions. Further adjustment ofmasses of these
particles around TeV scale has been noted to achieve degree
of precision coupling unification higher than MSSM [117].
After having thus achieved a precision unification, the full15�퐻 is superimposed at the type-II seesaw scale 𝑀Δ of the
nonsupersymmetrised unification framework. Analogous to
MSSM, this model [118] predicts a number of fermions as in
3.3 at the TeV scale which must be verified experimentally at
accelerator energies.

In contrast, the presentmodel has only the standardHiggs
doublet𝜙(2, 1/2, 1) and theWIMPDMscalar singlet 𝜉(1, 0, 1)
near TeV scale as discussed below. Although the TeV scale
DM has not been confirmed yet by direct experiments, LUX-
16 or Femi-LAT-like experiments may detect it. Moreover,
as shown below, the present model ensures vacuum stability
through this WIMP dark matter candidate whereas in [118]
the vacuum stability and DM issues are yet to be answered.
Further, the SM coupling unification scale in [118] being close
to the SUSY GUT scale, 𝑀�푈 ∼ 1016 GeV, predicts proton
lifetime nearly 60 times larger than the current experimental
limit without threshold effect which is expected to introduce
larger uncertainty compared to the present model. It may
be more difficult to verify this model by ongoing proton
decay experiments. But the present model including such
uncertainties is within the experimentally accessible limits.
The origin of invariant GUT scale in the presence of 15�퐻 in
the presentmodel is due to the invariance of the beta function
differences which is −7/6 in this modelΔ𝑎�푖 = (𝑎�耠�푖 − 𝑎�耠�耠�푖 ) = −(76) , (𝑖 = 1, 2, 3) . (23)

This results in a change in the inverse GUT coupling constant𝛼−1�퐺 which occurs due to the RG predicted modification1𝛼�퐺 = 1𝛼�퐺0 − 1561𝛼 (2292 + 134𝛼3𝛼3�퐶 − 350𝑠2�푊)
+ 712𝜋 ln(𝑀Δ𝑀�푍

) . (24)

Thus the result of type-II seesaw motivated insertion of15�퐻 into the 𝜅− realised unification framework is to decrease
in the inverse GUT fine structure constant while keeping
mass scales same as in (21)”𝛼−1�퐺 = 37.765. (25)
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Figure 7: Unification of SM gauge couplings in the presence of𝜅(3, 0, 8) at 𝑀�휅 = 109.23 GeV and 15�퐻 ⊂ 𝑆𝑈(5) at 𝑀15 = 1012
GeV as discussed in the text. The vertical dashed lines represent the
intermediate scale masses and GUT scales.

which is a 9.6% effect. It is essential to take this effect into
consideration in the top-down approach for consistency with
the precision value of the electromagnetic fine structure
constant 𝛼−1(𝑀�푍) = 127.9 ± 0.01 [114]. More important is
its visible effect on proton lifetime prediction. It is clear from𝛼−2�퐺 dependence in (36) of Section 4, (21), and (25) that the
this intermediate type-II seesaw scale has a proton lifetime
reduction by 19% that further reduces for lower seesaw scales,𝑀Δ < 1012 GeV. But the reduction effect decreases as 𝑀Δ

increases such that the proton lifetime remains unchanged for
the limiting value𝑀Δ = 𝑀15𝐻

= 𝑀�푈.
In Figure 7 we have shown evolution of inverse fine

structure constants of three gauge couplings of SM against
mass scales depicting precision unification at 𝑀0

�푈 = 1015.2
GeV.

3.3.1. Implications for Lepton Number and Flavor Violations.
It is evident from (13) and (21) that the numerical lower bound
on the masses of three members of the triplet in Δ �퐿(3, −1, 1)
is

𝑀Δ0 ≃ 𝑀Δ− ≃ 𝑀Δ−− ≥ 109.23GeV. (26)

Out of thesewe have discussed in Section 2 how themedi-
ation of 𝑀Δ0 gives type-II seesaw contribution to neutrino
masses matching with available neutrino oscillation data at1𝜎-3𝜎 levels for all types of hierarchies: NH, IH, and QD.
As a result the Higgs-Yukwa interaction and induced VEV
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of the neutral component of the triplet in the present SU(5)
model give similar predictions as in the triplet extended SM
based analyses [119] or in the left-right symmetric models
and SO(10) with large 𝑊�푅 boson mass [45, 120]. Currently
a number of experimental investigations are underway to
detect the double beta decay process that would establish
Majorana nature of neutrino. The most important difference
from such SM based phenomenological analyses is that in the
present SU(5) model with type-II seesaw all the parameters
of the neutrino oscillation data are theoretically predicted by
the seesaw mechanism. Even though 𝑀Δ0 ≥ 109.23 GeV, it
predicts the double beta decay lifetime close to the observable
limit of 𝜏�훽�훽 ∼ 5 × 1025 yrs for QD type light neutrino
masses �̂��푖 ∼ 0.2 eV. On the other hand for NH type of
hierarchy the predicted decay rate ismuch lower with lifetime𝜏�훽�훽 ≫ 1029 yrs. Another theoretical contribution to the
double beta decay process is due to the mediation of the
doubly charged componentΔ−− through the physical process𝑊−𝑊− → Δ−− → 𝑒−𝑒− which is negligible because of
additional damping of the amplitude caused by the inverse
square of its heavy mass 𝑀Δ−− ≥ 109.23 GeV. The charged
component Δ− also mediates a new loop contributions to
lepton flavor violating processes such as 𝑙�훼 → 𝑙�훽 + 𝛾. Again,
because of heavy triplet mass the respective contribution
to branching ratio turns out to be much smaller than the
corresponding prediction with 𝑆𝑀 (supplemented by the
oscillation data): 𝐵𝑟.(𝜇 → 𝑒𝛾) < 10−53 [45, 120]. Similarly
the tree level mediation of the LFV process 𝜇 → 𝑒𝑒𝑒 by Δ−−
is severely damped out compared to the loop mediated 𝑊−
boson contribution.

3.4. Threshold Effects on the GUT Scale. In the single step
breakingmodel discussed in this work, GUT threshold effects
due to superheavy degrees of freedom in different SU(5)
representations are expected asmajor sources of uncertainties
on unification scale and proton lifetime prediction. We
have estimated the threshold uncertainties following the
partially degenerate assumption introduced in [121, 122]
which states that the superheavy components belonging to
the same GUT representation are degenerate with a single
mass scale.

The analytic formulas for GUT threshold effects on the
unification scale, intermediate scale, and GUT fine structure
constant are

Δ�휅�퐼 = Δ ln
𝑀�휅𝑀�푍

= 12244 (123𝜆2�퐿 − 215𝜆�푌 + 92𝜆3�퐶) ,Δ�푈�퐼 = Δ ln
𝑀�푈𝑀�푍

= 53366 (3𝜆2�퐿 + 13𝜆�푌 − 16𝜆3�퐶) ,Δ�훼𝐺�퐼 = Δ( 1𝛼�퐺)= 180784𝜋 (−948𝜆2�퐿 − 2425𝜆�푌 + 5056𝜆3�퐶) .
(27)

In (27) 𝜆�푖, 𝑖 = 2𝐿, 𝑌, 3𝐶 are matching functions due to
superheavy scalars (S) and gauge bosons (V) to the three
gauge couplings,𝛼−1�푖 (𝑀�푈) = 𝛼−1�퐺 − 𝜆�푖 (𝑀�푈)12𝜋 , (28)

𝜆�푆�푖 (𝑀�푈) = ∑
�푗

𝑇𝑟(𝑡2�푖�푆�푗𝑝�푆�푗 ln 𝑀�푆
�푗𝑀�푈

) ,
𝜆�푉�푖 (𝑀�푈) = ∑

�푙

𝑇𝑟 (𝑡2�푖�푉�푙) − 21∑
�푙

𝑇𝑟(𝑡2�푖�푉�푙 ln 𝑀�푉
�푙𝑀�푈

) , (29)

where 𝑡�푖�푆 and 𝑡�푖�푉 represent the matrix representations due to
broken generators of scalars and gauge bosons. The term 𝑝�푆�푗
denotes the projection operator that removes the Goldstone
components from the scalars contributing to spontaneous
symmetry breaking.

The decomposition of different SU(5) representations
under𝐺213 with respect to their superheavy components and
values of corresponding matching functions is presented in
Table 4.

Using the values of matching function 𝜆�푖(𝑀�푈) from
Table 4 in (27)we estimate corrections to differentmass scales
due to superheavy masses asΔ ln

𝑀�휅𝑀�푍

= 0.0026738𝜂5 + 0.23262𝜂24 − 1.24599𝜂75,
Δ ln

𝑀�푈𝑀�푍

= −0.0160428𝜂5 − 0.0623886𝜂24+ 1.142602𝜂75,Δ ( 1𝛼�퐺) = 0.0160999𝜂5 + 0.0522951𝜂24+ 0.0462547𝜂75.
(30)

Maximising the uncertainty in𝑀�푈 leads toΔ ln(𝑀�푈𝑀�푍

) = ±0.22103𝜂�푆�퐻,
Δ ln(𝑀�휅𝑀�푍

) = ±1.48128𝜂�푆�퐻,
Δ ( 1𝛼�퐺) = ±0.02214𝜂�푆�퐻,

(31)

where 𝜂�푆�퐻 = ln(𝑀�푆�퐻/𝑀�푈) and 𝑀�푆�퐻/𝑀�푈 = 𝑛(1/𝑛) with
plausible allowed values of real number 𝑛 = 1 − 10.

We also note that the degenerate superheavy gauge
bosons contribute a significant correction to unification scale(𝑀�푈𝑀0

�푈

)
�푉

= 10±0.65508. (32)

Adding all corrections together we obtain𝑀�푈 = 1015.2312±0.11±0.221�휂𝑆±0.655�휂𝑉GeV. (33)

The first uncertainty (±0.11) represents uncertainty in input
parameters given in (19).
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Table 4: Superheavy components of SU(5) representations under the SM gauge group 𝐺213 used to estimate GUT threshold effects.𝑆𝑈(5)representations 𝐺213 submultiplet (𝜆2�퐿, 𝜆1�푌, 𝜆3�퐶)5�퐻 𝐶1(1, −1/3, 3) (0, 23 , 1)24�퐻 𝐷1(3, 0, 1) (2, 0, 0)𝐷2(1, 0, 8) (0, 0, 3)
75�퐻

𝐸1(1, 10/3, 3) (0, 5, 12)𝐸2(2, 5/3, 3) (32 , 52 , 1)𝐸3(1, −10/3, 3) (0, 5, 12)𝐸4(2, −5/3, 3) (32 , 52 , 1)𝐸5(2, −5/3, 6) (3, 5, 5)𝐸6(2, 5/3, 6) (3, 5, 5)𝐸7(1, 0, 8) (0, 0, 3)
15�퐻 Δ �퐿(3, −1, 1) (4, 185 , 0)𝐻2(2, 1/6, 3) (3, 15 , 2)𝐻3(1, 2/3, 6) (0, 165 , 5)24�푉 𝑉1 (2, −56 , 3) (34 , 54 , 12)𝑉2 (2, 56 , 3) (34 , 54 , 12)
4. Proton Lifetime Prediction

Currently themeasured value on the lower limit of the proton
lifetime for the decay mode 𝑝 → 𝑒+𝜋0 is [109, 123–126]

𝜏�푒�푥�푝�푡.�푝 ≥ 1.6 × 1034 yrs. (34)

Including strong and electroweak renormalization effects
on the d = 6 operator and taking into account quark mixing,
chiral symmetry breaking effects, and lattice gauge theory
estimations, the decay rates are [37, 127, 128]

Γ (𝑝 → 𝑒+𝜋0)
= ( 𝑚�푝64𝜋𝑓2�휋 𝛼�퐺4𝑀�푈

4
) 𝐴�퐿

2 𝛼�퐻2 (1 + 𝐷�耠 + 𝐹)2 × 𝑅, (35)

where 𝑅 = [𝐴2
�푆�푅 + 𝐴2

�푆�퐿(1 + |𝑉�푢�푑|2)2] for 𝑆𝑈(5), 𝑉�푢�푑 =0.974 = the (1, 1) element of 𝑉�퐶�퐾�푀 for quark mixings, and𝐴�푆�퐿(𝐴�푆�푅) is the short-distance renormalization factor in the
left (right) sectors. In (35) 𝐴�퐿 = 1.25 = long distance
renormalization factor but 𝐴�푆�퐿 ≃ 𝐴�푆�푅 = 2.542. These are
numerically estimated by evolving the dim.6 operator for
proton decay by using the anomalous dimensions of [129]
and the beta function coefficients for gauge couplings of this
model. In (35) 𝑀�푈 = degenerate mass of superheavy gauge
bosons, 𝛼�퐻 = hadronic matrix elements, 𝑚�푝 =proton mass= 938.3MeV, 𝑓�휋 = pion decay constant = 139MeV, and the
chiral Lagrangian parameters are 𝐷 = 0.81 and 𝐹 = 0.47.
With 𝛼�퐻 = 𝛼�퐻(1 + 𝐷�耠 + 𝐹) = 0.012GeV3 estimated from
lattice gauge theory computations [130–132], we obtain 𝐴�푅 ≃

𝐴�퐿𝐴�푆�퐿 ≃ 𝐴�퐿𝐴�푆�푅 ≃ 2.726 and the expression for the inverse
decay rate is

Γ−1 (𝑝 → 𝑒+𝜋0) = 4𝜋 𝑓2�휋𝑚�푝

𝑀4
�푈𝛼2�퐺 1𝛼2�퐻𝐴2

�푅

1𝐹�푞 , (36)

where the GUT fine structure constant 𝛼�퐺 = 0.0263 and the
factor𝐹�푞 = (1+(1+|𝑉�푢�푑|2)2) ≃ 4.8.This formula has the same
form as given in [127] which has been modified here for the
SU(5) case.

Using the estimated values of the model parameters, (36)
gives 𝜏�푆�푈(5)�푝 ≃ 1033.110±0.440±0.884|�휂𝑆|±2.62|�휂𝑉| yrs. (37)

Numerical estimations on proton lifetime are shown in
Table 5 for different splitting factors of superheavy masses.

It is interesting to note that despite three Higgs rep-
resentations 5�퐻, 24�퐻, 75�퐻, major contribution to threshold
uncertainty in the model is only due to superheavy gauge
bosons. When all superheavy gauge boson masses are identi-
cally equal to𝑀�푈, superheavy scalarmass splitting by a factor
20(1/20) from the GUT scale gives 𝜂�푆 = 1.3(−1.3) leading to[𝜏�푝]�푚�푎�푥 = 1.80×1034 yrs. which is consistent with the current
experimental bound.

5. Scalar Dark Matter in SU(5)

5.1. Phenomenological and Experimental Constraints. The
existence of dark matter (DM) in our galaxy has been
established beyond any doubt through its gravitational effects
by numerous observations [133]. Hence the hunt for DM has
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Table 5: Upper limits on predicted proton lifetime as a function of superheavy scalar (S) and gauge boson(V) mass splittings as defined in
the text. The factor 10±0.44 represents uncertainty due to input parameters.𝑀�푆𝑀�푈

𝑀�푉𝑀�푈

𝜏�푃(𝑦𝑟𝑠) 𝑀�푆𝑀�푈

𝑀�푉𝑀�푈

𝜏�푃(𝑦𝑟𝑠)10 1 9.77 × 1033±0.44 5 5 3.59 × 1035±0.4410 2 6.00 × 1034±0.44 3 6 3.68 × 1035±0.448 3 1.42 × 1035±0.44 1 10 5.32 × 1035±0.446 4 2.35 × 1035±0.44 20 1 1.80 × 1034±0.44
been assumed to be of paramount importance for the particle
physics community to understand its nature in particular and
that of the universe in general. To this end, experiments using
a wide range of approaches are being pursued worldwide
and giving a large spectrum of interpretations of the DM
candidates with masses ranging from a few eV to PeV or even
beyond, from axions to wimpzillas and decaying dark matter.

Our motivation in this section is to explore whether
SU(5) model can accommodate a scalar singlet (= 𝜉) as a
candidate DM which might be instrumental in contributing
to the observed relic density or may be detected through
ongoing direct or indirect search experiments. The local DM
density is observed with some uncertainty to be 0.4GeV/cm3

[134]. Earlier measurements by WMAP [8] and more recent
observation by PLANCK satellite [29] indicate 85% of matter
content of the Universe to be DM with its relic densityΩdmℎ2Hubble = 0.1198 ± 0.0026 (38)

where ℎHubble is the Hubble parameter. Various attractive
models have been proposed to explain the observed relic
density of dark matter and its stability with half-life greater
than the age of the universe, 𝜏�퐷�푀 > 1017s. Attempts in
this direction include addition of scalar or fermionic dark
matter candidates to the RH neutrino (RH]) extended SM.
Following the work of Lee-Weinberg [135] and in big-bang
cosmology, a weakly interactingmassive particle (WIMP) has
enjoyed a special status as a DM candidate as it can naturally
explain the observed relic density. Model independent upper
bound on the WIMP DM mass has been also derived from
perturbative unitarity [136] with𝑀WIMP ≤ 100 TeV. Recently
extensive investigations have been made to explore possible
special symmetries underlying the dynamics of DM [137–
139].

5.1.1. Direct Detection of Dark Matter. Since DM particles
are electrically neutral and cosmologically stable, they are
referred to as missing energy at colliders where searches for
DM mainly focus on the detection of visible signals like jets
and charged leptons. At colliders we can study DM either
through investigating its direct detection signals or indirect
detection signals.The scalar singlet DM in our model may be
discovered through direct and indirect signals. In particular,
XENON1T experiment may discover or rule out the scalar
singlet DM for reasonable values of DM mass and Higgs
portal coupling, rejecting its nonperturbative values higher
than 1.5 TeV [140, 141] .

Several terrestrial experiments like CDMS [142, 143],
DAMA/NAI [144, 145], XEXNON100 [16], and LUX [18]

are still going on around the globe for direct detection of
dark matter. These underground detectors are constructed
using various targets made up of Xe, Ge, NaI, etc. in an
attempt to explore either electronic or nuclear scatterings
at low energies. In this case, the recoil energy is usually
observed from the scattering between DM particles and
nucleons [146] or from scattering between electrons and dark
matter. The direct search experiments, XENON100 [16] and
LUX, predict an upper bound in the 𝑀�퐷�푀 − 𝜎�퐷�푀 plane
where 𝜎�퐷�푀 represents DM elastic scattering cross section
and 𝑀�퐷�푀 stands for DM mass. These experiments furnish
very stringent bounds on dark matter-nucleon scattering
cross section for different DM masses. For example, LUX
and XENON100 experiments predict similar DM-nucleon
cross section bound at around 10−44cm2 for a DM mass
of 1000 GeV whereas XENON1T search predicts a smaller
cross section bound 2 × 10−46cm2 for the same DM mass
keeping the DM relic density in the right ballpark [147, 148].
A concise review of current status of scalar singlet dark
matter is available in [149] where references to most of the
recent experimental and phenomenological investigations
are available. In general, for elastic scattering of a DM
particle off nucleons, either a standard Higgs or a 𝑍-boson
exchange is needed in the t-channel of the dominant tree
diagrams. Even though the singlet scalar DM 𝜉(1, 0, 1) has no
gauge interaction, still it can elastically scatter off nucleons
in direct search experiments through Higgs exchange via
quartic Higgs portal interaction𝑉Port = 𝜆�휙�휉2 𝜙†𝜙𝜉2 + ℎ.𝑐, (39)

where the standard Higgs VEV and the portal quartic
coupling 𝜆�휙�휉 contribute directly to the cross section in the
lowest order.

Although till today no signals in direct detection exper-
iments have been observed except for the controversial
DAMAmodulation signal, direct detection searches still have
the potential to unravel themystery of DMbecause of the fact
that if a signal is observed, we can correlate the scattering
cross section and mass of the DM particle with its local
density.

5.1.2. Indirect Detection of Dark Matter. In indirect dark
matter detection (IDMD) experiments, the DMparticlesmay
annihilate or decay to standard model particles or other
exotic final states in a region of high DM density and finally
manifest as a visible signal in form of gamma rays, cosmic
rays, neutrinos, and positrons or antiparticles. Such events
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are expected to exhibit excesses over the desired abundance
of the particles in the cosmos. The IDMD searches like
Fermi-LAT [19], AMS [150], HESS [151], MAGIC [152], ATIC
[153], DAMPE [154], PLANCK [29], ICECUBE [20, 21], etc.
basically look for these excesses in the universe to confirm
the detection of DM annihilation. For example, DM could
be detected through the observation of neutrino fluxes by
ICECUBE telescope arising from annihilation dark matter.
The IceCube neutrino events have been recently interpreted
to be consistent with decaying dark matter mass in the PeV
range or larger.

Recently IDMD searches gave several hints for DM
detection like lines at 3.5 KeV [155, 156], 130 GeV [157,
158], and the gamma ray excess from the galactic centre
[159]. However, no conclusive and consistent information has
emerged so far. These signals have been attributed to either
astrophysical sources or instrumental effects [160, 161].

Recent data from LUX-2016 and Fermi-LAT [18, 19] have
constrained the DMmass as well as its unknownHiggs portal
coupling. It can be shown that 𝜆�휙�휉 ∼ O(0.01) can generate the
right relic density with low mass 𝜉 of order 50 GeV. On the
other hand direct DM searches from the LUX-16 data have
ruled out the existence of scalarDM 𝜉 over awidermass range𝑀�휉 ≃ 70−500GeV. In summary, the scalar dark matter mass
can be on the lower side

𝑀�휉 < 60GeV, (40)

contributing prominently to relic density, or on the higher
side

100TeV > 𝑀�휉 > 500 GeV. (41)

In (41) the LHS is due to the perturbative unitarity bound
[135] and the RHS is due to [18].

5.2. Embedding in SU(5). Besides the SU(5) Higgs represen-
tations 5�퐻, 24�퐻, 15�퐻, and 75�퐻, we further extend its scalar
sector by the scalar singlet DM 𝜉(1, 0, 1) which we assume
to be also a SU(5) singlet. Obviously it has no direct gauge
boson interaction of any kind. But it has interaction with
SM Higgs through Higgs portal of the type shown in (39).
Then it can have gauge interaction in higher orders. In any
theoretical model, the stability of DM must be ensured such
that its lifetime is longer than the lifetime of the universe.
Usually a discrete symmetry 𝑍2 is imposed to safeguard the
stability.

We assign all the fermions in 5�퐹, 10�퐹, and consequently
the SM fermions, to possess 𝑍2 = −1. The Higgs repre-
sentations 5�퐻, 24�퐻, 15�퐻, and 75�퐻 are assigned 𝑍2 = +1.
Needless to mention that the SM Higgs doublet 𝜙, 𝜅(3, 0, 8),
and Δ �퐿(3, 0, 1) have the same value of 𝑍2 = +1. Out of all
the scalars only the DM singlet scalar is assigned odd value of𝑍2 = −1.This assignment prevents direct Yukawa interaction
of 𝜉 and ensures its desired stability.

6. Vacuum Stability in SU(5) through
Scalar DM

Despite the above predictions on neutrino masses and mix-
ings, coupling unification, and proton lifetime, the SU(5)
model with Higgs representations still has the vacuum insta-
bility problem.This problem in the SM arises as the standard
Higgs potential solely controlled by the standard Higgs field
becomes unstable for large values of the field at scales 𝜇 ≥𝑀Inst. = 5 × 109 GeV. As there is no other field so far in
the extended SU(5) model for 𝜇 < 𝑀Δ(= 1012 − 1015GeV)
to couple through its Higgs portal, the instability problem
turns out to be similar to SM. As we have embedded the
scalar singlet DM candidate in SU(5) we now investigate the
possibility of resolving the vacuum instability through Higgs
partial interaction [88, 89, 149].

6.1. RG Equations and Parameters for Higgs Potential. As
noted above the standard model Higgs potential𝑉�푆�푀 = −𝜇�휙2𝜙†𝜙 + 𝜆�휙 (𝜙†𝜙)2 (42)

develops instability as the Higgs quartic coupling 𝜆�휙 runs
negative at an energy scale 109 − 1010GeV by the renor-
malization group running. Apart from other interesting
suggestions [88, 89] an alternative popular solution to the
vacuum instability problem is to extend the SM by a gauge
singlet real scalar(𝜉) which gives positive contribution to
the Higgs quartic coupling and prevents it from becoming
negative [88, 162–164]. It is worth mentioning that this scalar
singlet can act as potential dark matter candidate termed as
weakly interacting massive particle (WIMP) with an extra
discrete symmetry 𝑍2 : 𝜉 → −𝜉 imposed on it. The
scalar singlet is odd under 𝑍2 symmetry while all other
scalars being even and SM fermions being odd under this
symmetry.Hence it can not couple to SMparticle and become
stable. This also matches the discrete symmetry properties of
SU(5) representations discussed above. Thus it can serve as a
suitable WIMP dark matter particle which is also identified
as the SU(5) singlet scalar. The unbroken discrete symmetry
of the singlet scalar upto the Planck scale has two important
consequences: (i) the 𝜉VEV is forbidden and (ii) themodified
SM potential develops VEV and minima only due to the SM
Higgs. The scalar 𝜅(3, 0, 8) has no coupling with 𝜙. Even ifΔ �퐿 and some of its associates have coupling with 𝜙, because
of their heavy mass, 𝑀Δ ≫ 𝑀�푊, they are treated to have
decoupled from the Lagrangian at energy scales below 𝜇 ∼𝑀Δ.𝜇 < 𝑀Δ

The potential of the model is modified in presence of the
scalar singlet and a new term arises due to interaction of SM
doublet (𝜙) with scalar singlet (𝜉) and self-interaction of 𝜉𝑉 (𝜉, 𝜙) = 𝑉SM + 𝜆�휙�휉2 𝜙†𝜙𝜉2 + 𝜇2�휉2 𝜉2 + 𝜆�휉24𝜉4 (43)

where 𝜆�휉 is dark matter self-coupling, 𝜆�휙�휉 is standard Higgs
and extra Higgs scalar interaction coupling or Higgs portal
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coupling and 𝜇�휉 is quadratic coupling of extra Higgs scalar.
From electroweak scale, up to 𝜇 = 1012 GeV, the effective
potential is 𝑉�耠(𝜉, 𝜙) = 𝑉�푆�푀 + 𝑉(𝜉, 𝜙).𝜇 > 𝑀Δ

The introduction of the scalar triplet Δ �퐿 of mass 𝑀Δ ∼1012 GeV changes the Higgs potential further by additional
terms 𝑉(𝜙, Δ �퐿) (arising out of interaction of SM doublet
with scalar triplet and self-interaction of scalar triplet) and𝑉(𝜉, Δ �퐿) (arising out of interaction of scalar singlet DM and
scalar triplet)𝑉 (𝜉, 𝜙, Δ �퐿) = 𝑉 (𝜉, 𝜙) + 𝑉 (𝜙, Δ �퐿) + 𝑉 (𝜉, Δ �퐿) (44)

where𝑉 (𝜙, Δ �퐿) = 𝑀2
ΔTr (Δ†�퐿Δ �퐿) + 𝜆12 [Tr (Δ†�퐿Δ �퐿)]2

+ 𝜆22 ([Tr (Δ†�퐿Δ �퐿)]2 − Tr [(Δ†�퐿Δ �퐿)2])+ 𝜆4 (𝜙†𝜙)Tr (Δ†�퐿Δ �퐿)+ 𝜆5𝜙† [Δ†�퐿, Δ �퐿] 𝜙
+ (𝜇Δ𝜙†(→𝜏 .→Δ �퐿√2 )† 𝜙 + h.c.)

𝑉 (𝜉, Δ �퐿) = 𝜆�휉Δ𝐿 (𝜉†𝜉) (Δ†�퐿Δ �퐿) .

(45)

Sufficiently below the mass scale 𝜇 = 𝑀Δ = 1012 GeV,
our model has two scalars: the first one is the SM Higgs(𝜙)
given by 𝜙 = (1/√2)(𝜙+, V + ℎ + 𝑖𝜙0)�푇 and the second one is
extra scalar singlet(𝜉) added to the SM.The mass of the extra
singlet is given by

𝑀2
�퐷�푀 = 𝜇2�휉 + 𝜆�휙�휉2 V2. (46)

We use the standard Higgs mass𝑚ℎ = 125GeV.
Direct detection experiments [18, 19] impose constraints

on theHiggs portal coupling (𝜆�휙�휉) and darkmattermass [164,
165] derived from observed DM relic density𝑀�퐷�푀 ∼ 3300 × 𝜆�휙�휉 (47)

or 𝜆�휙�휉 ∼ 0.0003 ×𝑀�퐷�푀, (48)

for𝑀�퐷�푀 ≫ 𝑚top. To be consistent with (41) we use𝑀�퐷�푀 =𝑚�휉 ∼ 1TeV throughout this work. Similar analysis can be
carried out for all values of DMmass > 500 GeV.

These constraint on 𝜆�휙�휉 given in (48) can be also consid-
erably relaxed if there is more than oneWIMPDM candidate
of the same or different species including fermions [110, 166].
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Figure 8: Running of Higgs quartic coupling.

6.2. RG Evolution of Quartic Coupling. Like other couplings
of every non-Abelian gauge theory, it is well known that
the SM Higgs potential is modified by quantum corrections
determined by perturbative renormalization group equations
(RGEs) for its running couplings 𝜂(𝜇)𝑑𝜂𝑑𝑡 = ∑�푗 𝜂(�푗)(16𝜋2)�푗 (49)

where 𝑡 = log𝜇, 𝜇 is renormalization scale, 𝜂(𝜇) =different
couplings (quartic or gauge, or others) at scale 𝜇, and 𝑗 =𝑗�푡ℎ loop order. The one-loop RG-coefficients of different
couplings are presented in the Appendix. For the stability
of the Higgs potential (see (43)), the value of self-coupling
including corrections must remain positive throughout the
course of its evolution up to the Planck scale.

The running of Higgs quartic coupling 𝜆�휙(𝜇)with energy
scale 𝜇 is shown in Figure 8.

In the figure, at first, we have neglected possible threshold
effects due toHiggs triplet at𝜇 = 𝑀Δ being determined as one
of the solutions to neutrino oscillation data. Negligible Δ �퐿−
threshold effect can also result for 𝜇Δ ≪ 𝑀Δ. We have used
the initial values of different coupling constants at top-quark
mass scale (𝜇 = 𝑚top) as given in Table 6 and subsequently
evolved them from𝑚�푡 to Planck scale with the help of RGEs.

From Figure 8, it is clear that the desired quartic coupling
remains stable up to the Planck scale for 𝜆�휙�휉 = 0.36 and𝑀�퐷�푀 = 1 TeV.
6.3. Higgs Triplet Threshold Effect. Threshold effect due to
heavier Higgs masses which couple to 𝜙 through their portals
has been discussed in general [88, 89] and in specific cases
[167, 168]. In our case the Higgs triplet mass used to fit the
neutrino oscillation data is𝑀Δ ∼ 1012 GeV and its induced
VEV isO(1−10) eV. In such a case the threshold effect caused
by the triplet VEV correction term is [88]

Δ𝜆�휙 = 𝜆�휙Δ V2�퐿𝑀2
Δ

∼ 10−36 (50)
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Table 6: Initial values of coupling constants at top quark mass.

Coupling constants 𝜆�휙(𝑚�푡) 𝜆�휉(𝑚�푡) 𝜆�휙�휉(𝑚�푡) 𝑔1�푌(𝑚�푡) 𝑔2�퐿(𝑚�푡) 𝑔3�퐶(𝑚�푡) 𝑦�푡(𝑚�푡)
Initial values 0.1296 0.1 0.36 0.35 0.64 1.16 0.94
The remaining threshold effect could be due the self-energy
correction or the trilinear term 𝜇ΔΔ �퐿𝜙𝜙 + ℎ.𝑐 in the Higgs
potential giving rise to threshold correction to quartic cou-
pling

Δ𝜆�휙 ≡ 𝜆TH = 𝜇2Δ𝑀2
Δ

(51)

Denoting the effectiveHiggs quartic coupling by 𝜆�耠(𝜇) for𝜇 ≥ 𝑀Δ this is related to the quartic coupling𝜆�휙(𝜇) at𝜇 = 𝑀Δ

[88] 𝜆�휙 (𝑀Δ) = 𝜆�耠 (𝑀Δ) − 𝜆TH. (52)

This correction comes into play when the running mass
scale is 𝜇 ∼ 𝑀Δ and larger.

We point out that the same values of Majorana Yukawa
coupling elements of 𝑌 derived in Section 2 are valid up to
a scale factor for a wide range of values of trilinear coupling
mass parameter 𝜇Δ < 𝑀0

Δ for which this threshold effect is
well within the perturbative regime. We note from (8) that
the mass formula gives the scaling relation

𝑌 = 𝑌0 V0�퐿
V�퐿

= 𝑌0 𝜇0Δ𝜇Δ , (53)

where we have used the zero superscript for values at 𝜇0Δ =𝑀Δ = 1012 GeV. Thus, for the values of neutrino mass and
mixing given by the oscillation data, a new set of elements of𝑌 are derived for any 𝜇Δ < 𝜇0Δ by multiplying all the vales
given in Tables 2 and 3 by the same scale factor 𝜇0Δ/𝜇Δ.

In Figure 9 we have presented evolution of Higgs quartic
couplings below and above 𝜇 = 𝑀Δ for 𝜆TH = 0.1. Using the
notations of the Appendix, we have used the initial values of
different coupling constants at scalar triplet mass scale (𝑀Δ)
as 𝜆1 = 𝜆2 = 𝜆4 = 0.1 and 𝜆5 = 0.1.

For all the three curves given in Figure 9 the scalar
DM mass has been fixed at 𝑀DM = 1 TeV consistent with
LUX:2016 data. The curve labeled as SM+DM+Δ includes
threshold effect 𝜆TH = 0.1 at 𝜇 = 𝑀Δ = 1012 GeV
corresponding to 𝜇Δ ∼ (1/3)𝑀Δ. We have checked that even
after including the heavy scalar threshold effect the quartic
coupling remains perturbatively positive upto the Planck
scale for 𝜇Δ/𝑀Δ ≃ 0.5. (Denoting Φ�퐻 = 24�퐻, above the
mass scale 𝜇 > 𝑀GUT we impose the well known discrete
symmetry Φ�퐻 → −Φ�퐻 which is usually assumed in the
minimal SU(5) model. Without loss of generality we further
assume the Higgs portal coupling 𝜆5𝐻,75𝐻 to be negligible.)

Thus, the issue of vacuum stability of SM Higgs potential
is resolved through the embedding of 𝜉 as a WIMP dark
matter candidate in SU(5) even after including the heavy
Higgs triplet threshold effect which could be verified by direct
search experiments and LHC.
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Figure 9: Running of standard Higgs quartic coupling including
heavy triplet scalar threshold effect at 𝜇 = 𝑀Δ = 1012 GeV derived
from fits to neutrino oscillation data. The curves labeled as SM,
SM+DM, and SM+DM+Δ denote contributions due to SM alone,
SM plus DM, and SM plus DM plus Higgs triplet threshold effect,
respectively, as described in the text. The scalar DM mass has been
fixed at 𝑀DM = 1.0 TeV consistent with LUX:2016 experimental
data.

7. Summary and Conclusion

In this work we have attempted to resolve four limitations
of the minimal SU(5) model by extending its scalar sector
beyond 5�퐻 and 24�퐻. Added presence of 15�퐻 and 75�퐻 is
noted to account for precision coupling unification with
experimentally verifiable proton lifetime for 𝑝 → 𝑒+𝜋0, and
type-II seesaw ansatz for neutrino masses. The left-handed
triplet Higgs mass in this model is bounded from below(𝑀Δ = 𝑀15𝐻

) ≥ (𝑀�휅 = 109.23) GeV. Proton lifetime
is predicted by taking into account sources of theoretical
uncertainties due to GUT threshold effects and those due
to electroweak precision parameters. Type-II seesaw scale
effect on proton lifetime prediction is also discussed. The
limitation due to vacuum stability of the Higgs potential in
SU(5) is resolved by the inclusion of a scalar singlet near the
TeV scale that acts as a WIMP dark matter candidate. All
the fermions and this scalar are assigned to be odd under
a dark matter stabilising 𝑍2 discrete symmetry whereas the
SM Higgs is even. The scalar dark matter mass is consistent
with current experimental LUX-2016 bound on direct search
experiments. Renormalization group evolution of SM Higgs
quartic coupling modified by Higgs portal coupling of this
scalar DM completely alleviates the vacuum instability prob-
lem. We emphasize that no nonstandard Higgs field, except
the scalar DM singlet, is present in this model below the 𝜅
mass𝑀�휅 = 109.23 GeV.
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We thus conclude that such SM limitations as neutrino
mass, coupling unification, proton lifetime, WIMP dark
matter, and vacuum stability can be effectively resolved
by extending the scalar sector of SU(5) to include5�퐻, 24�퐻, 75�퐻, 15�퐻, and 1�퐻. At present we need no extension
on the established fermion structure of the SM and SU(5)
or their minimal gauge structure. The remaining limitations
on baryon asymmetry generation and/or the possibility of
decaying dark matter projected to manifest as PeV energy
IceCube neutrinos will be addressed elsewhere [169, 170].

Appendix

Renormalization Group Equations for Higgs
Scalar Couplings

The RGEs for scalar quartic couplings [60–62, 168] in our
model at one loop level are given by

16𝜋2 𝑑𝐶𝑑𝑡 = 𝛽�퐶 (𝐶 = 𝜆�휙, 𝜆�휙�휉, 𝜆�휉, 𝜆1, 𝜆2, 𝜆4, 𝜆5) (A.1)

where

𝛽�휆𝜙= 24𝜆2�휙 + 12𝜆�휙𝑦2�푡 − 6𝑦4�푡 − 3𝜆�휙 (𝑔21�푌 + 3𝑔22�퐿)
+ 38 [2𝑔42�퐿 + (𝑔21�푌 + 𝑔22�퐿)2] + 𝜆2�휙�휉2𝛽�휆𝜙𝜉= {4𝜆�휙�휉 + 12𝜆�휙 + 6𝑦2�푡 − 32 (𝑔21�푌 + 3𝑔22�퐿) + 𝜆�휉} 𝜆�휙�휉𝛽�휆𝜉 = 3𝜆2�휉 + 12𝜆2�휙�휉

(A.2)

For Standard model RG running in the energy scale 𝜇 <𝑀�퐷�푀, the term 𝜆�휙�휉/2 in 𝛽�휆𝜙 in (A.3) is to be ignored.
The RGEs for SM gauge couplings and top-quark Yukawa
coupling at two-loop level are given by

𝑑𝑦�푡𝑑𝑡 = 116𝜋2 (92𝑦2�푡 − 1712𝑔21�푌 − 94𝑔22�퐿 − 8𝑔23�퐶)𝑦�푡+ 1(16𝜋2)2 [−234 𝑔42�퐿 − 34𝑔22�퐿𝑔21�푌 + 1187216 𝑔41�푌+ 9𝑔22�퐿𝑔23�퐶 + 199 𝑔23�퐶𝑔21�푌 − 108𝑔43�퐶+ (22516 𝑔22�퐿 + 13116 𝑔21�푌 + 36𝑔23�퐶)𝑦2�푡+ 6 (−2𝑦4�푡 − 2𝑦2�푡 𝜆�휙 + 𝜆2�휙)]

𝑑𝑔1�푌𝑑𝑡 = 116𝜋2 (416 𝑔31�푌) + 1(16𝜋2)2 (19918 𝑔21�푌+ 92𝑔22�퐿 + 443 𝑔23�퐶 − 176 𝑦2�푡 )𝑔31�푌𝑑𝑔2�퐿𝑑𝑡 = 116𝜋2 (−196 𝑔32�퐿) + 1(16𝜋2)2 (32𝑔21�푌+ 356 𝑔22�퐿 + 12𝑔23�퐶 − 32𝑦2�푡 )𝑔32�퐿𝑑𝑔3�퐶𝑑𝑡 = 116𝜋2 (−7𝑔33�퐶) + 1(16𝜋2)2 (116 𝑔21�푌 + 92𝑔22�퐿− 26𝑔23�퐶 − 2𝑦2�푡 )𝑔33�퐶
(A.3)

After 𝜇 = 1012 GeV the scalar triplet Δ �퐿 is introduced and
we use the modified RG equations of 𝜆�휙 and other couplings
relevant for this scalar triplet.

𝛽�휆𝜙 = 𝜆�휙 [12𝜆�휙 − (95𝑔21�푌 + 9𝑔22�퐿) + 12𝑦2�푡 ]+ 94 ( 325𝑔41�푌 + 25𝑔21�푌𝑔22�퐿 + 𝑔42�퐿) + 6𝜆24 + 4𝜆25− 12𝑦4�푡 ,
(A.4)

𝛽�휆1 = 𝜆1 [14𝜆1 + 4𝜆2 − (365 𝑔21�푌 + 24𝑔22�퐿)+ 4tr [𝑇]] + 10825 𝑔41�푌 + 725 𝑔21�푌𝑔22�퐿 + 18𝑔42�퐿 + 2𝜆22+ 4𝜆24 + 4𝜆25 − 8tr [𝑇2] ,
(A.5)

𝛽�휆2 = 𝜆2 [12𝜆1 + 3𝜆2 − (365 𝑔21�푌 + 24𝑔22�퐿)+ 4tr [𝑇]] − 1445 𝑔21�푌𝑔22�퐿 + 12𝑔42�퐿 − 8𝜆25+ 8tr [𝑇2] ,
(A.6)

𝛽�휆4 = 𝜆4 [6𝜆�휙 + 8𝜆1 + 2𝜆2 + 4𝜆4− (92𝑔21�푌 + 332 𝑔22�퐿) + 6𝑦2�푡 + 2tr [𝑇]] + 2725𝑔41�푌+ 6𝑔42�퐿 + 8𝜆25 − 4tr [𝑇2] ,
(A.7)

𝛽�휆5 = 𝜆5 [2𝜆 + 2𝜆1 − 2𝜆2 + 8𝜆4 − (92𝑔21�푌 + 332 𝑔22�퐿)+ 6𝑦2�푡 + 2tr [𝑇]] − 185 𝑔21�푌𝑔22�퐿 + 4tr [𝑇2] , (A.8)
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where 𝑇 is defined as 𝑇 = 𝑌†𝑌 and its beta function is
expressed through the relation𝛽�푇 = 𝑇 [6𝑇 − 3 (35𝑔21�푌 + 3𝑔22�퐿) + 2t𝑟 [𝑇]] . (A.9)
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[98] P. F. Pérez, “Supersymmetric adjoint SU(5),” Physical Review D:
Particles, Fields, Gravitation and Cosmology, vol. 76, no. 7, 2007.

[99] W.-Y. Keung and G. Senjanović, “Majorana neutrinos and the
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We consider a dark matter scenario in the context of the minimal extension of the Standard Model (SM) with a 𝐵 − 𝐿 (baryon
number minus lepton number) gauge symmetry, where three right-handed neutrinos with a 𝐵 − 𝐿 charge −1 and a 𝐵 − 𝐿 Higgs
field with a 𝐵 − 𝐿 charge +2 are introduced to make the model anomaly-free and to break the 𝐵 − 𝐿 gauge symmetry, respectively.
The 𝐵 − 𝐿 gauge symmetry breaking generates Majorana masses for the right-handed neutrinos. We introduce a Z2 symmetry to
the model and assign an odd parity only for one right-handed neutrino, and hence the Z2-odd right-handed neutrino is stable and
the unique dark matter candidate in the model. The so-called minimal seesaw works with the other two right-handed neutrinos
and reproduces the current neutrino oscillation data. We consider the case that the dark matter particle communicates with the
SM particles through the 𝐵 − 𝐿 gauge boson (𝑍�耠

�퐵−�퐿 boson) and obtain a lower bound on the 𝐵 − 𝐿 gauge coupling (𝛼�퐵−�퐿) as a
function of the 𝑍�耠

�퐵−�퐿 boson mass (𝑚�푍 ) from the observed dark matter relic density. On the other hand, we interpret the recent
LHC Run-2 results on the search for a 𝑍�耠 boson resonance to an upper bound on 𝛼�퐵−�퐿 as a function of𝑚�푍 . These two constraints
are complementary for narrowing down an allowed parameter region for this “𝑍�耠 portal” dark matter scenario, leading to a lower
mass bound of𝑚�푍 ≥ 3.9 TeV.

1. Introduction

In 2012, the Higgs boson, which is the last piece of the
Standard Model (SM), was finally discovered by the A
Toroidal LHC ApparatuS (ATLAS) and Compact Muon
Solenoid (CMS) experiments at the Cern Large Hadron
Collider (LHC) [1, 2]. The SM is the best theory to describe
elementary particles and fundamental interactions among
them (strong, weak, and electromagnetic interactions) and
agrees with a number of experimental results in a high
accuracy. For example, properties of the weak gauge bosons
(𝑊 and𝑍) in the SM, such as theirmasses and couplings with
the quarks and leptons, were measured at the Large Electron-
Positron (LEP) collider with a very high degree of precision
[3, 4]. Properties of the Higgs boson have also beenmeasured
to be consistent with the SM predictions at the LHC [5].

Despite its great success, there are some observational
problems that the SM cannot account for. One of the major
missing pieces of the SM is the neutrino mass matrix. Since,
in contrast to the other fermions, right-handed partners of
the SM left-handed neutrinos are missing in the SM particle

content, the SM neutrinos cannot acquire their masses at the
renormalizable level, even after the electroweak symmetry
is broken. However, neutrino oscillation phenomena among
three neutrino flavors have been confirmed by the Super-
Kamiokande experiments in 1998 [6] and the Sudbury Neu-
trino Observatory (SNO) in 2001 [7]. Neutrino oscillation
phenomena require neutrino masses and flavor mixings, and
therefore we need a framework beyond the SM to incorporate
them. The so-called type I seesaw mechanism [8–12] is a
natural way for this purpose, where heavy Majorana right-
handed neutrinos are introduced.

Another major missing piece of the SM is a candidate for
the dark matter particle in the present universe. Based on the
recent results of the precision measurements of the cosmic
microwave background (CMB) anisotropy by the Wilkinson
Microwave Anisotropy Probe (WMAP) [13] and the Planck
satellite [14, 15], the energy budget of the present universe
is determined to be composed of 73% dark energy, 23%
cold dark matter, and only 4% from baryonic matter. Since
the SM has no suitable candidate for the (cold) dark matter
particle, we need to extend the SM to incorporate it. The
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weakly interacting massive particle (WIMP) [16] has long
been studied as one of the most promising candidates for the
dark matter. Through its interaction with the SM particles,
the WIMP was in thermal equilibrium in the early universe
and the WIMP dark matter is a thermal relic from the early
universe. Note that the relic density of theWIMP darkmatter
is independent of the history of the universe before it has been
gotten in thermal equilibrium.

Among many possibilities, the minimal gauged 𝐵 − 𝐿
extension of the SM [17–21] is a very simple way to incor-
porate neutrino masses and flavor mixings via the seesaw
mechanism. In this extension, the accidental global 𝐵 − 𝐿
(baryon number minus lepton number) symmetry in the SM
is gauged. Associated with this gauging, three right-handed
neutrinos with a 𝐵 − 𝐿 charge −1 are introduced to cancel all
the gauge and mixed-gravitational anomalies of the model.
In other words, the right-handed neutrinos which play the
essential role in the type I seesawmechanismmust be present
for the theoretical consistency. SM gauge singlet Higgs boson
with a 𝐵 − 𝐿 charge −2 is also contained in the model
and its vacuum expectation value (VEV) breaks the 𝐵 − 𝐿
gauge symmetry. The Higgs VEV generates the 𝐵 − 𝐿 gauge
boson mass as well as Majorana masses of the right-handed
neutrinos. After the electroweak symmetry breaking, the SM
neutrino Majorana masses are generated through the seesaw
mechanism. The mass spectrum of new particles introduced
in the minimal 𝐵 − 𝐿 model, the 𝐵 − 𝐿 gauge boson (𝑍�耠

�퐵−�퐿

boson), the right-handed Majorana neutrinos, and the 𝐵 − 𝐿
Higgs boson, is controlled by the 𝐵 − 𝐿 symmetry breaking
scale. If the breaking scale lies around the TeV scale the
minimal 𝐵 − 𝐿model can be tested at the LHC in the future.

Although the minimal 𝐵 − 𝐿 model supplements the SM
with the neutrino masses and mixings, a cold dark matter
candidate is still missing. Towards a more complete scenario,
we need to consider a further extension of the model. Ref.
[22] has proposed a concise way to introduce a dark matter
candidate to the minimal 𝐵 − 𝐿 model, where instead of
introducing a new particle as a dark matter candidate, a Z2

symmetry is introduced and an odd parity is assigned only
for one right-handed neutrino. Thanks to the Z2 symmetry,
the Z2-odd right-handed neutrino becomes stable and hence
plays the role of dark matter. On the other hand, the
other two right-handed neutrinos are involved in the seesaw
mechanism. It is known that the type I seesaw with two
right-handed neutrinos is a minimal system to reproduce the
observed neutrino oscillation data. This so-called minimal
seesaw [23, 24] predicts one massless neutrino. Dark matter
phenomenology in this model context has been investigated
in [22, 25, 26]. The right-handed neutrino dark matter can
communicate with the SM particles through (i) the 𝑍�耠

�퐵−�퐿

boson and (ii) two Higgs bosons which are realized as linear
combinations of the SM Higgs and the 𝐵 − 𝐿 Higgs bosons.
The cases (i) and (ii) are, respectively, called “𝑍�耠 portal” and
“Higgs portal” dark matter scenarios. In the following, we
focus on the “𝑍�耠 portal” dark matter scenario. See [22, 25, 26]
for extensive studies on theHiggs portal darkmatter scenario.

In recent years, the 𝑍�耠 portal dark matter has attracted
a lot of attention [27–64], where a dark matter candidate
along with a new 𝑈(1) gauge symmetry is introduced and

the dark matter particle communicates with the SM particles
through the 𝑈(1) gauge boson (𝑍�耠 boson). Through this𝑍�耠 boson interaction, we can investigate a variety of dark
matter physics, such as the dark matter relic density and
the direct/indirect dark matter search. Very interestingly, the
search for a 𝑍�耠 boson production by the LHC experiments
can provide the information which is complementary to the
information obtained by dark matter physics.

Note that the minimal 𝐵−𝐿model with the right-handed
neutrino darkmatter introduced above is a simple example of
the𝑍�耠 portal darkmatter scenario. In this article, we consider
this 𝑍�耠 portal dark matter scenario. Since the model is very
simple, dark matter physics is controlled by only three free
parameters, namely, the 𝐵 − 𝐿 gauge coupling (𝛼�퐵−�퐿), the𝑍�耠

�퐵−�퐿 boson mass (𝑚�푍), and the dark matter mass (𝑚DM).
We first identify allowed parameter regions of the model by
considering the cosmological bound on the dark matter relic
density. We then consider the results from the search for
a 𝑍�耠 boson resonance with dilepton final states to identify
allowed parameter regions. Combining the cosmological and
the LHC constraints, we find a narrow allowed region. This
complementarity between the cosmological and the LHC
constraints has been investigated in [46, 54]. The purpose
of this article is to update the results in the references by
employing the latest LHC results, along with a review of the
minimal 𝐵 − 𝐿 model with the right-handed neutrino dark
matter.

The plan of this article is as follows: In the next section,
we give a review of the minimal 𝐵−𝐿model. In Section 3, we
introduce the minimal 𝐵−𝐿model with𝑍2 symmetry, where
one right-handed neutrino, which is a unique𝑍2-odd particle
in the model, is identified with the dark matter particle.
In Section 4, the cosmological constraints on the right-
handed neutrino dark matter are considered and an allowed
parameter region is identified. In Section 5, we consider
the LHC Run-2 constraints from the search for a narrow
resonance with dilepton final states and find the constraints
on our model parameters. Combining the results obtained
in Section 3, we find an allowed region. The cosmological
constraint and the LHC constraints are complementary for
narrowing down the allowed parameter regions. Section 6 is
devoted to conclusions.

2. The Minimal 𝐵−𝐿 Model

The SM Lagrangian at the tree-level is invariant under the
global 𝑈(1)�퐵 and 𝑈(1)�퐿 transformations:

𝜓 → 𝜓�耠 = e�푖�푄𝐵�휃𝐵𝜓,
𝜓 → 𝜓�耠 = e�푖�푄𝐿�휃𝐿𝜓, (1)

where 𝜃�퐵 and 𝜃�퐿 are constant phases associated with the𝑈(1)�퐵 and𝑈(1)�퐿 transformations, and𝑄�퐵 and𝑄�퐿 are charges
identified as a baryon number (𝐵) and a lepton number (𝐿) of
the fermion𝜓, respectively.The baryon number is a quantum
number to characterize fermions. A quark (antiquark) has
a baryon number 1/3 (−1/3), while SM lepton has 0. The
lepton number is a quantum number similar to baryon
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Table 1: Particle content of the minimal 𝐵 − 𝐿model.

𝑆𝑈(3)�퐶 𝑆𝑈(2)�퐿 𝑈(1)�푌 𝑈(1)�퐵−�퐿𝑞�푖�퐿 3 2 1/6 1/3𝑢�푖
�푅 3 1 2/3 1/3𝑑�푖
�푅 3 1 −1/3 1/3𝑙�푖�퐿 1 2 −1/2 −1𝑁�푖
�푅 1 1 0 −1𝑒�푖�푅 1 1 −1 −1𝐻 1 2 −1/2 0Φ 1 1 0 2

number. A lepton (antilepton) has a lepton number 1 (−1),
while a quark has 0. Although these 𝑈(1) symmetries are
anomalous under the SM gauge group, the combination of𝐵 − 𝐿 is anomaly-free. The 𝐵 − 𝐿 symmetry means that
the SM Lagrangian is invariant under the global 𝑈(1)�퐵−�퐿
transformation:

𝜓 → 𝜓�耠 = e�푖(�푄𝐵−�푄𝐿)�휃𝐵−𝐿𝜓, (2)
where 𝜃�퐵−�퐿 is a constant phase associated with the 𝑈(1)�퐵−�퐿
transformation.

In the minimal 𝐵 − 𝐿 model [17–21], this global 𝐵 − 𝐿
symmetry in the SM is gauged, and hence this model is based
on the gauge group 𝑆𝑈(3)�퐶 × 𝑆𝑈(2)�퐿 × 𝑈(1)�푌 × 𝑈(1)�퐵−�퐿.
Three right-handed neutrinos (𝑁�푖

�푅, 𝑖 = 1, 2, 3, is a generation
index) and an SM singlet scalar field (Φ) are introduced to
make the theory anomaly-free and to break the𝑈(1)�퐵−�퐿 gauge
symmetry, respectively. The particle content of the minimal𝐵 − 𝐿model is listed in Table 1.

2.1. Gauge Sector. Lagrangian of the gauge bosons in the𝐵−𝐿
model is generally given by

L
�퐵−�퐿
gauge = −12 tr [𝐺�휇]𝐺�휇]] − 12 tr [𝐹�휇]𝐹�휇]] − 14𝐵�휇]𝐵�휇]

− 14𝐵�耠
�휇]𝐵�耠�휇] − 𝑐mix𝐵�휇]𝐵�耠�휇],

(3)

where𝐺�휇],𝐹�휇], and𝐵�휇] are the field strengths of the SMgauge
fields of 𝑆𝑈(3)�퐶 × 𝑆𝑈(2)�퐿 × 𝑈(1)�푌, and

𝐵�耠
�휇] = 𝜕�휇 (𝑍�耠

�퐵−�퐿)] − 𝜕] (𝑍�耠
�퐵−�퐿)�휇 (4)

is the field strength for the new electrically neutral gauge
boson (𝑍�耠

�퐵−�퐿) of 𝑈(1)�퐵−�퐿. Note that we can generally intro-
duce the last term for a kinetic mixing between the 𝑈(1)�푌
and the 𝑈(1)�퐵−�퐿 gauge bosons. In fact, such a mixing term is
generated through quantum corrections. Since we can always
set 𝑐mix = 0 at a fixed energy, we define the minimal 𝐵 − 𝐿
model with 𝑐mix = 0 at the scale of the 𝐵 − 𝐿 symmetry
breaking, for simplicity.

2.2. Scalar Sector. Lagrangian of the scalar sector in the
minimal 𝐵 − 𝐿model is given by

L
�퐵−�퐿
scalar = (D�휇𝐻)† (D�휇𝐻) + (D�휇Φ)† (D�휇Φ)

− 𝑉 (𝐻,Φ) , (5)

where 𝐻 and Φ are the SM Higgs field and the SM singlet
scalar field (𝐵−𝐿Higgs), respectively, and the scalar potential
is given by

𝑉 (𝐻,Φ) = 𝜆�퐻(𝐻†𝐻 − V22 )2 + 𝜆Φ (Φ†Φ − V2�퐵−�퐿2 )2

+ 𝜆mix (𝐻†𝐻 − V22 )(Φ†Φ − V2�퐵−�퐿2 ) .
(6)

Here, 𝜆�퐻 (> 0), 𝜆Φ (> 0) and 𝜆mix are real coupling
constants, V = 246 GeV [65], and V�퐵−�퐿 is a real and positive
constant. We will derive a condition for 𝜆mix to make the
potential bounded frombelow. In this scalar potential, the SM
Higgs doublet and 𝑈(1)�퐵−�퐿 Higgs field develop the VEVs:

⟨𝐻⟩ = 1√2 (V0) ,
⟨Φ⟩ = V�퐵−�퐿√2 .

(7)

We expand the Higgs fields around the VEVs such that

𝐻 = 1√2 (V + ℎ
0 ) ,

Φ = V�퐵−�퐿 + ℎ�耠√2 ,
(8)

where ℎ, ℎ�耠 are physical Higgs bosons. Substituting this
expansion into scalar potential (6), we read out the mass
terms of the Higgs bosons as

𝑉 (𝐻,Φ) ⊃ 𝜆�퐻V
2ℎ2 + 𝜆ΦV

2
�퐵−�퐿ℎ�耠2 + 𝜆mixVV�퐵−�퐿ℎℎ�耠

= 12 (ℎ ℎ�耠)( 2𝜆�퐻V
2 𝜆mixVV�퐵−�퐿

𝜆mixVV�퐵−�퐿 2𝜆ΦV
2
�퐵−�퐿

)(ℎ
ℎ�耠)

= 12 (ℎ ℎ�耠)𝑀scalar (ℎ
ℎ�耠) .

(9)

In order for the scalar potential to be bounded from below,
the mass matrix𝑀scalar must be positive definite; namely,

det [𝑀scalar] = (4𝜆�퐻𝜆Φ − 𝜆2
mix) V2V2�퐵−�퐿 > 0, (10)
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and hence |𝜆�푚�푖�푥| < 2√𝜆�퐻𝜆Φ. Now we diagonalize the mass
matrix by

(ℎ
ℎ�耠) = ( cos𝛼 sin𝛼

− sin𝛼 cos𝛼)(ℎ1ℎ2) , (11)

where ℎ1, ℎ2 are mass eigenstates, and the mixing angle is
given by

tan 2𝛼 = − 𝜆mixVV�퐵−�퐿𝜆�퐻V2 − 𝜆ΦV2�퐵−�퐿
. (12)

The mass eigenstates are given by

𝑚2
ℎ1

= 𝜆�퐻V
2 + 𝜆ΦV

2
�퐵−�퐿

+ √(𝜆�퐻V2 − 𝜆ΦV2�퐵−�퐿)2 + (𝜆mixVV�퐵−�퐿)2,
𝑚2

ℎ2
= 𝜆�퐻V

2 + 𝜆ΦV
2
�퐵−�퐿

− √(𝜆�퐻V2 − 𝜆ΦV2�퐵−�퐿)2 + (𝜆mixVV�퐵−�퐿)2.

(13)

For simplicity, we assume a very small 𝜆mix, so that one
mass eigenstate is an SM-like Higgs boson, and the other is
almost a 𝐵−𝐿Higgs boson. Since the Higgs boson properties
measured by the LHC experiments are consistent with the SM
predictions [5], |𝜆mix| ≪ 1 is justified.

Let us now calculate the mass of the 𝐵 − 𝐿 gauge boson𝑍�耠
�퐵−�퐿. The kinetic term of the 𝐵 − 𝐿Higgs field is given by

L
�퐵−�퐿 kin
scalar = (D�휇Φ)† (D�휇Φ) , (14)

where the covariant derivative is

D�휇 = 𝜕�휇 − 2𝑖𝑔�퐵−�퐿 (𝑍�耠
�퐵−�퐿)�휇 , (15)

and 𝑔�퐵−�퐿 is the coupling constant of 𝑈(1)�퐵−�퐿 gauge interac-
tion. Substituting Φ → ⟨Φ⟩, the 𝑍�耠

�퐵−�퐿 gauge boson mass is
found to be

𝑚�푍 = 2𝑔�퐵−�퐿V�퐵−�퐿. (16)

2.3. Yukawa Sector. Lagrangian of the Yukawa sector in the𝐵 − 𝐿model is given by

L
�퐵−�퐿
Yukawa ⊃ − 3∑

�푖=1

3∑
�푗=1

𝑌�푖�푗
�퐷𝑙�푖�퐿𝐻𝑁�푗

�푅 − 12
3∑

�푘=1

𝑌�푘
�푁Φ𝑁�푘�퐶

�푅 𝑁�푘
�푅

+ 𝐻.𝑐.,
(17)

where 𝑌�푖�푗
�퐷 and 𝑌�푘

�푁 are Dirac Yukawa coupling constant and
Majorana Yukawa coupling constant. Once the 𝐵 − 𝐿 Higgs
fieldΦ develops its VEV, the 𝐵−𝐿 gauge symmetry is broken
and the Majorana mass terms for the right-handed neutrinos
are generated from the second term in the right-hand side.
The seesaw mechanism is automatically implemented in the

model after the electroweak symmetry breaking. Neutrino
mass matrix is given by

𝑀neutrino = ( 0 𝑚�퐷

𝑚�푇
�퐷 𝑀) . (18)

Here, 𝑚�퐷 and 𝑀 are Dirac and Majorana mass matrices,
respectively, which are given by

𝑚�퐷 = 𝑌�퐷√2V,
𝑀 = 𝑌�푁√2V�퐵−�퐿.

(19)

Assuming |𝑚�푖�푗
�퐷| ≪ 𝑀�푘, we can block-diagonalize the mass

matrix𝑀neutrino to be

( 0 𝑚�퐷

𝑚�푇
�퐷 𝑀) → (−𝑚�푇

�퐷𝑀−1𝑚�퐷 0
0 𝑀) . (20)

When we consider only one generation, the mass eigenvalues
are simply

𝑚]𝑙 ≃ −𝑚2
�퐷𝑀 ,

𝑚]ℎ ≃ 𝑀.
(21)

Because of the seesaw mechanism, a huge mass hierarchy
between the light eigenstate (]�푙) and the heavy eigenstate (]ℎ)
is generated.

3. The Minimal 𝐵−𝐿 Model with Z2 Parity

In the previous section, we have discussed that the minimal𝐵 − 𝐿 extended SM incorporates the neutrino masses and
mixings through the seesaw mechanism. In this section, we
extend the model further to introduce a cold dark matter
candidate in the model. Among many possibilities, we follow
a very concise way proposed in [22] and introduce a Z2

symmetry without extending the model particle content. We
then assign an odd parity only for one right-handed neutrino𝑁�푅. The particle content is listed in Table 2. Except for the
introduction of the Z2 symmetry and the parity assignments,
the particle content is identical to that of the minimal 𝐵 − 𝐿
model in Table 1. The conservation of the Z2 parity ensures
the stability of the Z2-odd 𝑁�푅, and, therefore, this right-
handed neutrino is a unique dark matter candidate in the
model [22].

With the Z2 symmetry, the Yukawa sector of the minimal𝐵 − 𝐿model in (17) is modified to be

L
�퐵−�퐿
Yukawa ⊃ − 3∑

�푖=1

2∑
�푗=1

𝑌�푖�푗
�퐷𝑙�푖�퐿𝐻𝑁�푗

�푅 − 12
2∑

�푘=1

𝑌�푘
�푁Φ𝑁�푘�퐶

�푅 𝑁�푘
�푅

− 12𝑌�푁Φ𝑁�퐶
�푅𝑁�푅 + 𝐻.𝑐.

(22)

Note that due to the Z2 parity assignment only the two gen-
eration right-handed neutrinos are involved in the neutrino
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Table 2: The particle content of the minimal 𝐵 − 𝐿 extended SM with Z2 symmetry. In addition to the SM particle content (𝑖 = 1, 2, 3), the
three right-handed neutrinos [𝑁�푗

�푅 (𝑗 = 1, 2) and𝑁�푅] and the 𝐵−𝐿Higgs field (Φ) are introduced. Because of the Z2 parity assignment shown
here,𝑁�푅 is a unique (cold) dark matter candidate.

𝑆𝑈(3)�퐶 𝑆𝑈(2)�퐿 𝑈(1)�푌 𝑈(1)�퐵−�퐿 Z2𝑞�푖�퐿 3 2 1/6 1/3 +𝑢�푖
�푅 3 1 2/3 1/3 +𝑑�푖
�푅 3 1 -1/3 1/3 +𝑙�푖�퐿 1 2 -1/2 -1 +𝑁�푗

�푅 1 1 0 -1 +𝑁�푅 1 1 0 -1 -𝑒�푖�푅 1 1 -1 -1 +𝐻 1 2 -1/2 0 +Φ 1 1 0 2 +

Dirac Yukawa coupling. The renormalizable scalar potentials
for the SM Higgs and the 𝐵 − 𝐿 Higgs fields are the same as
the minimal 𝐵 − 𝐿 model, and the Higgs fields develop their
VEVs.This𝐵−𝐿 symmetry breaking generatesmasses for the
Majorana neutrinos 𝑁�푗

�푅 (𝑗 = 1, 2), the dark matter particle𝑁�푅, and the 𝐵 − 𝐿 gauge boson (𝑍�耠
�퐵−�퐿 boson):

𝑚�푗
�푁 = 𝑌�푗

�푁√2V�퐵−�퐿,
𝑚DM = 𝑌�푁√2V�퐵−�퐿,
𝑚�푍 = 2𝑔�퐵−�퐿V�퐵−�퐿.

(23)

The seesaw mechanism [8–12] is automatically implemented
in the model after the electroweak symmetry breaking. Due
to the Z2 symmetry, only two right-handed neutrinos 𝑁1,2

�푅
are relevant to the seesaw mechanism. This system is the so-
called minimal seesaw [23, 24] which possesses a number of
free parameters𝑌�푖�푗

�퐷 and𝑌�푘
�푁 enough to reproduce the neutrino

oscillation data with predicting onemassless eigenstate. Since
the lightest neutrino is massless in our model, the pattern
of the light neutrino mass spectrum is either the normal
hierarchy or the inverted hierarchy. The quasi-degenerate
mass spectrum cannot be realized.

The dark matter particle can communicate with the SM
particles in two ways: One is through the Higgs bosons. In
the Higgs potential of (6), the SM Higgs boson and the 𝐵 − 𝐿
Higgs boson mix with each other in the mass eigenstates
(see (11) and (12)), and these Higgs boson mass eigenstates
mediate the interactions between the dark matter particle
and the SM particles. Dark matter physics with the Higgs
interactions have been investigated in [22, 25, 26]. In this
analysis, four free parameters are involved, namely, the dark
matter mass, Yukawa coupling 𝑌�푁, the 𝐵 − 𝐿 Higgs boson
mass, and a mixing parameter between the SM Higgs and𝐵 − 𝐿 Higgs bosons. The other way for the dark matter
particle to communicate with the SM particles is through
the 𝐵 − 𝐿 gauge interaction with the 𝑍�耠

�퐵−�퐿 gauge boson.

In this case, only three free parameters (𝑔�퐵−�퐿, 𝑚�푍 , and𝑚�퐷�푀) are involved in dark matter physics analysis. In this
article, we concentrate on dark matter physics mediated by
the 𝑍�耠

�퐵−�퐿 boson, namely, “𝑍�耠 portal dark matter.” Assuming|𝜆mix| ≪ 1 in Higgs potential (6), the Higgs bosons mediated
interactions are negligibly small, and the dark matter particle
communicates with the SM particles only through the 𝑍�耠

�퐵−�퐿

boson. We may consider a supersymmetric extension of our
model [30] to naturally realize this situation, where 𝜆mix is
forbidden by supersymmetry. Although we do not consider
the supersymmetric case, darkmatter phenomenology in our
model is essentially the same as the supersymmetric case
(see [30]), when all the superpartners of the SM particles are
heavier than the dark matter particle. See [25, 26, 30, 66] for
studies on the𝑍�耠

�퐵−�퐿 portal darkmatter scenario with a limited
parameter choice.

4. Cosmological Constraints on 𝑍�耠
�퐵−�퐿

Portal Dark Matter

The dark matter relic density is measured at the 68% limit as
[67]

ΩDMℎ2 = 0.1198 ± 0.0015. (24)

We now evaluate the relic density of the dark matter 𝑁�푅 and
identify an allowed parameter region that satisfies the upper
bound on the dark matter relic density of ΩDMℎ2 ≤ 0.1213.
The relic density of darkmatter𝑁�푅 is evaluated by solving the
Boltzmann equation:

𝑑𝑌DM𝑑𝑥 = − 𝑠 ⟨𝜎Vrel⟩𝑥𝐻 (𝑚DM) (𝑌2
DM − (𝑌eq

DM)2) (25)

where 𝑌DM = 𝑛�퐷�푀/𝑠 is the yield of the dark matter particle
with the dark matter number density (𝑛�퐷�푀) and the entropy
density (𝑠), 𝑌�퐷�푀 in thermal equilibrium is denoted as 𝑌eq

DM,𝑥 ≡ 𝑚DM/𝑇 (𝑇 is temperature of the universe) is time
normalized by the dark matter mass, 𝐻(𝑚DM) is the Hubble
parameter at 𝑇 = 𝑚DM, and ⟨𝜎Vrel⟩ is the thermal average of
the cross section for dark matter annihilation process times
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Figure 1: Left: Majorana neutrino dark matter (𝑁�푅) pair annihila-
tion process into the SM fermions (𝑓) through the𝑍�耠

�퐵−�퐿 exchange in
the 𝑠-channel, 𝑁�푅𝑁�푅 → 𝑍�耠

�퐵−�퐿 → 𝑓𝑓. Right: parton level process
(quark (𝑞) and antiquark (𝑞) annihilation process) to produce a
dilepton final state (𝑙+𝑙−) through a 𝑍�耠 exchange in the 𝑠-channel at
the LHC.

relative velocity. We give explicit formulas of the quantities in
the Boltzmann equation:

𝑠 = 2𝜋2

45 𝑔∗

𝑚3
DM𝑥3

,

𝐻 (𝑚DM) = √ 4𝜋3

45 𝑔∗

𝑚2
DM𝑀�푝�푙

,

𝑠𝑌eq
DM = 𝑔DM2𝜋2

𝑚3
DM𝑥 𝐾2 (𝑥) ,

(26)

where 𝑀�푝�푙 = 1.22 × 1019 GeV is the Planck mass, 𝑔∗ is the
effective total degree of freedom for SM particles in thermal
equilibrium (𝑔∗ = 106.75 is employed in the following
analysis), 𝑔DM = 2 is the degree of freedom for the right-
handed neutrino dark matter, and 𝐾2 is the modified Bessel
function of the second kind. In our 𝑍�耠

�퐵−�퐿 portal dark matter
scenario, the darkmatter particles pair-annihilate into the SM
particles mainly through the 𝑠-channel 𝑍�耠

�퐵−�퐿 boson exchange
(see the left panel of Figure 1). The thermal average of the
annihilation cross section is calculated as

⟨𝜎Vrel⟩ = (𝑠𝑌eq
DM)−2 𝑔2

DM
𝑚DM64𝜋4𝑥

× ∫∞

4�푚2DM

𝑑𝑠�̂� (𝑠)√𝑠𝐾1 ( 𝑥√𝑠𝑚DM
) ,

(27)

where �̂�(𝑠) = 2(𝑠 − 4𝑚2
DM)𝜎(𝑠) is the reduced cross section

with 𝜎(𝑠) being the total annihilation cross section. The total
cross section of the annihilation process𝑁�푅𝑁�푅 → 𝑍�耠

�퐵−�퐿 →𝑓𝑓 (𝑓 denotes an SM fermion) is calculated as

𝜎 (𝑠) = 𝜋𝛼2
�퐵−�퐿

√𝑠 (𝑠 − 4𝑚2
DM)

(𝑠 − 𝑚2
�푍
)2 + 𝑚2

�푍
Γ2
�푍

× [379 + 13𝛽�푡 (1 − 13𝛽2
�푡 )]

(28)
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Figure 2: The relic abundance of the 𝑍�耠
�퐵−�퐿 portal right-hard

neutrino dark matter as a function of the dark matter mass (𝑚DM)
for 𝑚�푍 = 3 TeV and various values of the gauge coupling𝛼�퐵−�퐿 = 0.001, 0.0014, 0.002, 0.003, and 0.005 (solid lines from top to
bottom). The two horizontal lines denote the range of the observed
dark matter relic density, 0.1183 ≤ ΩDMℎ2 ≤ 0.1213.

with𝛽�푡(𝑠) = √1 − 4𝑚2
�푡 /𝑠, top quarkmass of𝑚�푡 = 173.34GeV

[65], and the total decay width of 𝑍�耠
�퐵−�퐿 boson given by

Γ�푍 = 𝛼�퐵−�퐿6 𝑚�푍
[
[
373 + 13𝛽�푡 (𝑚2

�푍) (3 − 𝛽�푡 (𝑚2
�푍)2)

+ (1 − 4𝑚2
DM𝑚2
�푍

)2/3 𝜃( 𝑚2
�푍𝑚2
DM

− 4)]
]

(29)

Here, we have taken𝑚�푗
�푁 > 𝑚�푍/2, for simplicity.

Solving the Boltzmann equation numerically, we evaluate
the dark matter relic density by

ΩDMℎ2 = 𝑚DM𝑠0𝑌 (∞)𝜌�푐�푟�푖�푡/ℎ2 , (30)

where 𝑌(∞) is the yield in the limit of 𝑥 → ∞, 𝑠0 =2890 cm−3 is the entropy density of the present universe,
and 𝜌crit/ℎ2 = 1.05 × 10−5 GeV/ cm3 is the critical density.
Note that we have only three parameters, 𝛼�퐵−�퐿 = 𝑔2

�퐵−�퐿/(4𝜋),𝑚�푍 , and 𝑚DM, in our analysis. For 𝑚�푍 = 3 TeV and
various values of the gauge coupling 𝛼�퐵−�퐿, Figure 2 depicts
the resultant darkmatter relic density as a function of itsmass𝑚DM, along with the observed bounds 0.1183 ≤ ΩDMℎ2 ≤0.1213 [67] (two horizontal dashed lines). The solid curves
from top to bottom correspond to the results for 𝛼�퐵−�퐿 =0.001, 0.0014, 0.002, 0.003, and 0.005, respectively. We find
that, in order to reproduce the observed relic density, the dark
matter mass must be close to half of the 𝑍�耠

�퐵−�퐿 boson mass. In
other words, normal values of the dark matter annihilation
cross section lead to overabundance, and an enhancement of
the cross section through the 𝑍�耠

�퐵−�퐿 boson resonance in the𝑠-channel annihilation process is necessary. In Figure 2, we
can see the maximum annihilation cross section occurs for
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Figure 3: The dark matter mass as a function of 𝛼�퐵−�퐿 for 𝑚�푍 = 4
TeV. Along the solid (black) curve in each panel,ΩDMℎ2 = 0.1198 is
satisfied. The vertical solid line (in red) represents the upper bound
on 𝛼�퐵−�퐿 obtained from the ATLAS results [68] (see Figure 4). The
(green) shaded region satisfies ΩDMℎ2 ≤ 0.1198 and the ATLAS
bound on 𝛼�퐵−�퐿 ≤ 0.003.

𝑚DM slightly smaller than 𝑚�푍/2 because of the effect from
thermally averaging the cross section.

As can be seen (28), the dark matter annihilation cross
section becomes smaller as the gauge coupling 𝛼�퐵−�퐿 is
lowered, for a fixed𝑚DM. This can be seen in Figure 2, where,
for a fixed𝑚DM, the resultant relic abundance becomes larger
as 𝛼�퐵−�퐿 is lowered. As a result, there is a lower bound on 𝛼�퐵−�퐿

in order to satisfy the cosmological upper bound on the dark
matter relic abundance ΩDMℎ2 ≤ 0.1213. For a 𝛼�퐵−�퐿 value
larger than the lower bound (𝛼�퐵−�퐿 = 0.0014 in Figure 2), we
can find two values of𝑚�퐷�푀 which result in the center value of
the observed relic abundance ΩDMℎ2 = 0.1198. In Figure 3,
we show the dark matter mass yielding ΩDMℎ2 = 0.1198
as a function of 𝛼�퐵−�퐿, for 𝑚�푍 = 4 TeV. As a reference, we
also show the dotted lines corresponding to 𝑚DM = 𝑚�푍/2.
In Figure 2, we see that the minimum relic abundance is
achieved by a dark matter mass which is very close to but
smaller than 𝑚�푍/2. Although the annihilation cross section
of (28) has a peak at √𝑠 = 𝑚�푍 , the thermal averaged cross
section given in (27) includes the integral of the product of the
reduced cross section and the modified Bessel function 𝐾1.
Our results indicate that for𝑚DM taken to be slightly smaller
than𝑚�푍/2, the thermal averaged cross section is larger than
the one for𝑚DM = 𝑚�푍/2.

As mentioned above, for a fixed 𝑍�耠
�퐵−�퐿 boson mass, we

can find a corresponding lower bound on the gauge coupling𝛼�퐵−�퐿 in order for the resultant relic abundance not to exceed
the cosmological upper bound ΩDMℎ2 = 0.1213. Figure 4
depicts the lower bound of 𝛼�퐵−�퐿 as a function of 𝑚�푍 [solid
(black) line]. Along this solid (black) line, we find that the
dark matter mass is approximately given by𝑚DM ≃ 0.49𝑚�푍 .
The dark matter relic abundance exceeds the cosmological
upper bound in the region below the solid (black) line. Along
with the other constraints that will be obtained in the next
section, Figure 4 is our main result in this section.
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Figure 4: Allowed parameter region for the𝑍�耠
�퐵−�퐿 portal darkmatter

scenario. The solid (black) line shows the lower bound on 𝛼�퐵−�퐿 as a
function of𝑚�푍 to satisfy the cosmological upper bound on the dark
matter relic abundance. The dashed line (in red) shows the upper
bound on 𝛼�퐵−�퐿 as a function of 𝑚�푍 from the search results for 𝑍�耠

boson resonance by the ATLAS collaboration [68]. The LEP bound
is depicted as the dotted line. Combining these bounds, the allowed
parameter region is depicted as the (green) shaded region. We also
showa theoretical upper boundon𝛼�퐵−�퐿 (dashed-dotted) to avoid the
Landau pole of the running 𝐵 − 𝐿 gauge coupling below the Planck
mass𝑀�푝�푙.

5. LHC Run-2 Constraints

TheATLAS and the CMS collaborations have been searching
for a 𝑍�耠 boson resonance with dilepton final states (although
the 𝑍�耠 boson resonance has been searched also with dijet
final states [69], we can see that the constraints from this
search are weaker than the one with dilepton final states) at
the LHCRun-2 [70, 71] (for the process, see the right diagram
in Figure 1) and have improved the upper limits of the 𝑍�耠

boson production cross section from those in the LHC Run-1
[72, 73]. Employing the LHC Run-2 results, in particular, the
most recent ATLAS result with a 36/fb luminosity [68], we
will derive an upper bound on 𝛼�퐵−�퐿 as a function of𝑚�푍 . (The
results in this article are the update of the results in [46, 54].)
Since we have obtained in the previous section the lower
bound on 𝛼�퐵−�퐿 as a function of 𝑚�푍 from the constraint on
the dark matter relic abundance, the LHC Run-2 results are
complementary to the cosmological constraint. As a result,
the parameter space of the𝑍�耠

�퐵−�퐿 portal darkmatter scenario is
severally constrained once the two constraints are combined.

Let us consider the 𝑍�耠
�퐵−�퐿 boson production process,𝑝𝑝 → 𝑍�耠

�퐵−�퐿 + 𝑋 → 𝑙+𝑙− + 𝑋, where 𝑋 denotes hadron
jets. The differential cross section is given by

𝑑𝜎𝑑𝑀�푙�푙

= ∑
�푎,�푏

∫1

�푀2
𝑙𝑙
/�퐸2CM

𝑑𝑥 2𝑀�푙�푙𝑥𝐸2
CM

𝑓�푎 (𝑥, 𝑄2) 𝑓�푏 ( 𝑀2
�푙�푙𝐸2

CM
, 𝑄2)

× �̂� (𝑞𝑞 → 𝑍�耠
�퐵−�퐿 → 𝑙+𝑙−) ,

(31)

where 𝐸CM = 13 TeV is the LHC Run-2 energy in the center-
of-mass frame, 𝑀�푙�푙 is the invariant mass of the dilepton final
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state, and 𝑓�푎 is the parton distribution function (PDF) for a
parton “𝑎.” For the PDFs we utilize CTEQ6L [74] with 𝑄 =𝑚�푍 as the factorization scale. Here, the cross section for the
colliding partons is given by

�̂� = 4𝜋𝛼2
�퐵−�퐿81 𝑀2

�푙�푙

(𝑀2
�푙�푙
− 𝑚2

�푍
)2 + 𝑚2

�푍
Γ2
�푍

. (32)

In calculating the total cross section, we set a range of 𝑀�푙�푙

that is used in the analysis by the ATLAS and the CMS
collaborations, respectively. We compare our results of the
total cross section with the upper limits of the ATLAS and
CMS results.

In the analysis by theATLAS and theCMS collaborations,
the so-called sequential SM 𝑍�耠 (𝑍�耠

�푆�푆�푀) model [75] has been
considered as a reference model. We first analyze the sequen-
tial 𝑍�耠 model to check a consistency of our analysis with the
one by the ATLAS collaboration [68]. In the sequential 𝑍�耠

model, the 𝑍�耠
�푆�푆�푀 boson has exactly the same couplings with

quarks and leptons as the SM Z boson. With the couplings,
we calculate the cross section of the process 𝑝𝑝 → 𝑍�耠

�푆�푆�푀 +𝑋 → 𝑙+𝑙− + 𝑋 like (31). By integrating the differential cross
section in the region of 128 GeV ≤ 𝑀�푙�푙 ≤ 6000 GeV [72], we
obtain the cross section of the dilepton production process
as a function of 𝑍�耠

�푆�푆�푀 boson mass. Our result is shown as
a solid line in the top panel in Figure 5, along with the plot
presented by the ATLAS collaboration [68]. In the analysis
in the ATLAS paper, the lower limit of the 𝑍�耠

�푆�푆�푀 boson mass
is found to be 4.5 TeV, which is read from the intersection
point of the theory prediction (diagonal dashed line) and
the experimental cross section bound [horizontal solid curve
(in red)]. In order to take into account the difference of
the PDFs used in the ATLAS and our analysis and QCD
corrections of the process, we have scaled our resultant cross
section by a factor 𝑘 = 1.31, with which we can obtain the
same lower limit of the 𝑍�耠

�푆�푆�푀 boson mass as 4.5 TeV. We
can see that our result with the factor of 𝑘 = 1.31 is very
consistent with the theoretical prediction (diagonal dashed
line) presented in [68]. This factor is used in our analysis
of the 𝑍�耠

�퐵−�퐿 production process. Now we calculate the cross
section of the process 𝑝𝑝 → 𝑍�耠

�퐵−�퐿 + 𝑋 → 𝑙+𝑙− + 𝑋
for various values of 𝛼�퐵−�퐿, and our results are shown in
the bottom panel of Figure 5, along with the plot in [68].
The diagonal solid lines from left to right correspond to𝛼�퐵−�퐿 = 10−5, 10−4.5, 10−4, 10−3.5, 10−3, 10−2.5, 10−2, and 10−1.8,
respectively. From the intersections of the horizontal curve
and diagonal solid lines, we can read off a lower bound on
the 𝑍�耠

�퐵−�퐿 boson mass for a fixed 𝛼�퐵−�퐿 value. In this way, we
have obtained the upper boundon𝛼�퐵−�퐿 as a function the𝑍�耠

�퐵−�퐿

bosonmass, which is depicted in Figure 4 [dashed (red) line].
In Figure 4, we also show the LEP bound as the dotted

line which is obtained from the search for effective 4 Fermi
interactions mediated by the 𝑍�耠

�퐵−�퐿 boson [76]. An updated
limit with the final LEP 2 data [4] is found to be [77]𝑚�푍𝑔�퐵−�퐿

≥ 6.9 TeV (33)

at 95% confidence level. We find that the ATLAS bound at
the LHC Run-2 is more severe than the LEP bound for the
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Figure 5: Top panel: the cross section as a function of the 𝑍�耠
�푆�푆�푀

mass (solid line) with 𝑘 = 1.31, along with the ATLAS result in
[68] from the combined dielectron and dimuon channels. Bottom
panel: the cross sections calculated for various values of 𝛼�퐵−�퐿 with𝑘 = 1.31. The solid lines from left to right correspond to 𝛼�퐵−�퐿 =10−5, 10−4.5, 10−4, 10−3.5, 10−3, 10−2.5, 10−2, and 10−1.8, respectively.

𝑍�耠 boson mass range presented here. In order to avoid the
Landau pole of the running 𝐵 − 𝐿 coupling 𝛼�퐵−�퐿(𝜇), below
the Plank mass (1/𝛼�퐵−�퐿(𝑀�푝�푙) > 0), we find

𝛼�퐵−�퐿 < 𝜋
6 ln [𝑀�푝�푙/𝑚�푍] , (34)

which is shown as the dashed-dotted line in Figure 4. Here,
the gauge coupling 𝛼�퐵−�퐿 used in our analysis for dark matter
physics and LHC physics is defined as the running gauge
coupling 𝛼�퐵−�퐿(𝜇) at 𝜇 = 𝑚�푍 , and we have employed the
renormalization group equation at the one-loop level with𝑚1

�푁 = 𝑚2
�푁 = 𝑚Φ = 𝑚�푍 , for simplicity.

6. Conclusions

We have discussed a simple extension of the SM where the
global 𝐵 − 𝐿 symmetry in the SM is promoted to the 𝐵 − 𝐿
gauge symmetry. In the minimal version of this extension,
which is the so-called minimal 𝐵 − 𝐿 model, we introduce
three right-handed neutrinos with a 𝐵 − 𝐿 charge −1 and the𝐵−𝐿 (SM singlet) Higgs field with a𝐵−𝐿 charge +2.The three
right-handed neutrinos cancel all the gauge and gravitational
anomalies caused by gauging the 𝐵 − 𝐿 symmetry. The VEV
of the 𝐵 − 𝐿 Higgs field breaks the 𝐵 − 𝐿 gauge symmetry
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and generates the 𝐵 − 𝐿 gauge boson (𝑍�耠
�퐵−�퐿) mass but also

theMajorana masses for the right-handed neutrinos.The SM
neutrino mass matrix is then generated after the electroweak
symmetry breaking. In order to supplement theminimal𝐵−𝐿
model with a dark matter candidate, we have introduced a
Z2 symmetry and one right-handed neutrino of a unique𝑍2-
odd particle in the model plays the role of the dark matter.
In this way, the minimal 𝐵 − 𝐿 model with 𝑍2 symmetry
supplements themajormissing pieces of the SM, the neutrino
mass matrix, and a dark matter candidate, while the original
particle content of the minimal 𝐵 − 𝐿model is kept intact.

In this model context, we have investigated the “𝑍�耠
�퐵−�퐿

portal” dark matter scenario, where the dark matter particle
(𝑍2-odd right-handed neutrino) mainly communicates with
the SM particles through the𝑍�耠

�퐵−�퐿 boson.We have only three
free parameters in our analysis, namely, the gauge coupling
(𝛼�퐵−�퐿), the darkmattermass (𝑚DM), and the𝑍�耠

�퐵−�퐿 bosonmass
(𝑚�푍).We have derived the lower bound on𝛼�퐵−�퐿 as a function
of 𝑚�푍 by using the cosmological bound on the dark matter
relic abundance. On the other hand, the LHC Run-2 results
on the search for a narrow resonance constrain the 𝑍�耠

�퐵−�퐿

production cross section at the LHC.We have interpreted the
latest results by the ATLAS collaboration [68] and derived
the upper bound on 𝛼�퐵−�퐿 as a function of 𝑚�푍 . Similar (but
weaker) upper bounds on 𝛼�퐵−�퐿 have been obtained from
the results by the LEP experiment and the perturbativity
condition of the running 𝐵 − 𝐿 gauge coupling below
the Planck mass. After combining all constraints, we have
obtained the allowed parameter space shown in Figure 4. We
can see that the cosmological and the collider constraints are
complementary for narrowing down the arrowed parameter
space: 𝑚�푍 ≥ 3.9 TeV. Since the SM background events for𝑚�푍 ≳ 3TeV are negligibly small (see [68]), we expect that the
future search reaches for the 𝑍�耠 boson production scales as
the luminosity of the LHC experiments. In the narrow decay
width approximation (which is justified in our analysis), the𝑍�耠

�퐵−�퐿 boson production cross section is proportional to 𝛼�퐵−�퐿.
Therefore, from Figure 4, we expect that the (green) shaded
region will be covered in the future with a LHC luminosity
about 120/fb.

Towards direct and indirect detection of dark matter par-
ticles, many experiments are in operation and also planned.
Because of its Majorana nature, the right-handed neutrino
dark matter has the axial vector coupling with the 𝑍�耠

�퐵−�퐿

boson, while the SM fermions have the vector couplings due
to their 𝐵−𝐿 charges. Hence, the elastic scattering amplitude
between the dark matter particles and quarks through the𝑍�耠

�퐵−�퐿 boson exchange is vanishing in the nonrelativistic limit,
and our dark matter particle evades its direct detection.
We can consider an indirect detection of the right-handed
neutrino dark matter through cosmic rays from their pair
annihilations in the galactic halo. However, because of the
Majorana nature, the pair annihilation cross section is highly
suppressed by a dark matter velocity at the present universe,
and we find that the cosmic ray flux from the dark matter
pair annihilations is far below the observable level for the
parameter region shown in Figure 4.

If kinematically allowed, a pair of right-handed neutrinos
involved in the seesaw mechanism can be produced from a

𝑍�耠
�퐵−�퐿 boson decay. Collider signatures of the right-handed

neutrinos produced in this way have been studied (see,
for example, [78–82] for recent studies). The right-handed
neutrinos, once observed at the LHC, are clue to understand
the mass generation mechanism of light neutrinos. In addi-
tion to the study of 𝑍�耠 boson production at the LHC, the
search for right-handed neutrinos at the future LHC is worth
investigating.

It is interesting to extend the minimal 𝐵 − 𝐿 model to
the so-called nonexotic 𝑈(1)�푋 model [83]. In this model, the
particle content remains the same,while the𝑈(1)�푋 charge of a
particle is generalized as𝑄�푋 = 𝑌𝑥�퐻+𝑄�퐵−�퐿, where𝑌 and𝑄�퐵−�퐿

are 𝑈(1)�푌 and 𝑈(1)�퐵−�퐿 charges of the particle, respectively,
and 𝑥�퐻 is a real parameter. In this 𝑈(1)�푋 generalization, the
minimal 𝐵−𝐿model is realized as a limit 𝑥�퐻 = 0. For studies
on the 𝑍�耠 portal dark matter scenario in the minimal 𝑈(1)�푋
model, see [54]. With a special value of 𝑥�퐻 = −4/5, we can
consider the unification of the model into the gauge group𝑆𝑈(5) × 𝑈(1)�푋 [84].

Finally, our minimal 𝐵 − 𝐿 model with the right-handed
neutrino dark matter can also account for the origin of
the baryon asymmetry in the universe through leptogenesis
[85] with two Z2-even right-handed neutrinos if they are
almost degenerate (so-called resonant leptogenesis [86, 87]).
See [88] for detailed analysis. Furthermore, if we introduce
nonminimal gravitational coupling, the𝐵−𝐿Higgs field plays
the role of inflaton which causes cosmological inflation in the
early universe. We can achieve the successful cosmological
inflation scenario with a suitable choice of the nonminimal
gravitational coupling constant. See, for example, [89–91].
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We give a brief review of the current constraints and prospects for detection of higgsino darkmatter in low-scale supersymmetry. In
the first part we argue, after performing a survey of all potential dark matter particles in the MSSM, that the (nearly) pure higgsino
is the only candidate emerging virtually unscathed from the wealth of observational data of recent years. In doing so by virtue
of its gauge quantum numbers and electroweak symmetry breaking only, it maintains at the same time a relatively high degree
of model-independence. In the second part we properly review the prospects for detection of a higgsino-like neutralino in direct
underground dark matter searches, collider searches, and indirect astrophysical signals. We provide estimates for the typical scale
of the superpartners and fine tuning in the context of traditional scenarios where the breaking of supersymmetry is mediated at
about the scale of Grand Unification and where strong expectations for a timely detection of higgsinos in underground detectors
are closely related to the measured 125GeV mass of the Higgs boson at the LHC.

1. Introduction

From the particle physics point of view, the simplest, most
popular, and arguably most robust mechanism leading to
the correct amount of cold dark matter (DM) in the early
Universe is thermal freeze-out (see, e.g., [1–4]). Briefly stated,
one assumes that the DM consists of one or more matter
species that were originally in thermal equilibrium with
the Standard Model (SM) after the Big Bang and that, as
the Universe expanded and cooled down, “froze” out of
equilibrium when their number density became too low for
annihilation and creation processes to take place.

As is well known, in the context of the freeze-out
mechanism themeasurement of the relic abundance provided
by WMAP and Planck, ΩPLℎ2 = 0.1188 ± 0.0010 [5, 6],
implies a rather specific value for the thermally averaged
annihilation cross section of theDM into SMparticles: ⟨𝜎V⟩ ≈3×10−26 cm3/s ≈ 1 pb. Nevertheless, the thermal mechanism
fails to provide any additional information on the nature of
the DM itself since a cross section of that size can result from
a discouraging wide range of DMmass values, spin quantum
numbers, and DM-SM coupling strengths. Thus, in lack of

more information, one has almost always to resort to some
theoretical assumptions in order to narrow the search for DM
down.

Since the 1990s, expectations about the scale of the new
physics beyond the SM (BSM) have been driven by the
theorists’ discomfort with the hierarchy problem. This is the
well-known fact that, in a low-energy effective theory that
includes one or more light fundamental scalars (as likely is
the SMwith a Higgs boson), one expects enormous quantum
corrections to the scalar’s mass from the physics in the UV
(the Planck scale, in the absence of anything else). Given
the broad separation between the characteristic energies in
play, this means that in order to get electroweak symmetry
breaking (EWSB) one should fine tune the fundamental
(unknown) Lagrangian parameters at the level, again in the
absence of anything lighter than the Planck scale, of one part
in ∼ 1028, unless, of course, additional degrees of freedom
were present, preferably close to the Higgs mass itself (say∼ 100 − 1000GeV).

Remarkably, simply on dimensional grounds, if one of
these expected TeV-scale BSMparticles were to be theDM, its
coupling to the SM extracted from the freeze-out mechanism

Hindawi
Advances in High Energy Physics
Volume 2018, Article ID 6828560, 15 pages
https://doi.org/10.1155/2018/6828560

http://orcid.org/0000-0001-8457-2847
http://orcid.org/0000-0001-6571-6382
https://doi.org/10.1155/2018/6828560


2 Advances in High Energy Physics

would be of the size of the electroweak coupling constant,𝑔 ≈ (16𝜋𝑚2DM ⋅ 1 pb)1/4 ≈ 0.1 − 1. This fascinating
coincidence, which, in light of its singling out specifically
weakly interacting massive particles, or WIMPs, is known
as the “WIMP miracle,” maintains its attractiveness to these
days, even if the LHC has failed to discover new particles
below the scale of approximately 2TeV [7, 8].

Arguably the most complete and well motivated of the
known BSM theories still remains low-scale supersymmetry
(SUSY) (see, e.g., [9], for a popular review). From the theo-
retical point of view, not only does SUSY provide possibly the
most elegant solution to the hierarchy problem (if one allows
for the possibility that, given the current LHC bounds, the
theory might have to be amended to regain full naturalness),
but it also leads to a more precise UV unification of the
gauge couplings than in the SM alone; it provides a solid
rationale for the measured value of the Higgs boson and
top quark masses and, by extension, for radiative EWSB.
From the phenomenological point of view, the Minimal
Supersymmetric Standard Model (MSSM) contains all the
necessary ingredients for successful baryogenesis and pro-
vides a framework for cosmic inflation. It thus makes sense
that, of all possible candidates for WIMPs, through the
years a lot of attention was dedicated to the particles of the
MSSM.

In this review we give a compact summary of the subject
of DM in the traditional MSSM. After briefly surveying
the particles with the potential of providing a good DM
candidate, we argue that the nearly pure higgsino neutralino
survives to these days as perhaps the only one that is not
in substantial tension with any phenomenological constraint.
Interestingly, it does so in a relatively model-independent
way, without the need of resorting to narrow or secluded
regions of the parameter space. We will thus review the
higgsino’s prospects for detection in direct underground
DM searches, indirect searches for DM in gamma-ray, and
neutrino telescopes and at the LHC. Incidentally wewill show
that, in those models where SUSY breaking is transmitted to
the visible sector at the scale of GrandUnification (GUT), the
detection prospects of higgsino DM become tightly bound
to the typical mass of the sfermions in the spectrum and,
as a direct consequence, to the size of the Higgs boson
mass.

In recent months several comprehensive reviews on the
status of WIMP dark matter have appeared in the literature
[10–13], one of which, coauthored by one of us, dedicated
a full chapter to the MSSM neutralino with particular
attention to the detection prospects of a ∼ 1TeV higgsino.
While that work is broader in scope, casting light on the
experimental opportunities provided by neutralinos in the
context of the wider picture of thermal DM models, DM
constraints, and existing experimental anomalies, we con-
centrate here instead on the specific physical characteris-
tics of higgsinos, underlining what we believe makes them
currently stand out as the most interesting elements in the
DM panorama of the MSSM. In this we are not dissimilar,
perhaps, to recently appearing studies in the same tone [14,
15].

The structure of the review is as follows. In Section 2 we
recall the particles of the MSSM that can provide a good DM
candidate, classifying them according to their transformation
properties under the SM gauge symmetry group. In Section 3
we single out the higgsino as the most promising candidate
of the list and review its detection prospects in different
and complementary experimental venues. We dedicate an
additional subsection to the calculation of typical fine tuning
and expectations for the scale of the superpartners in models
constrained at the GUT scale. We summarize the main
treated points and conclude in Section 4.

2. Dark Matter in the MSSM

One of the features making the MSSM very attractive from
a phenomenological point of view is that its gauge symmetry
structure originates directly from the supersymmetrization of
the SM itself. As such, the fundamental gauge symmetry is
SU(3) × SU(2) ×U(1), and the dimensionless couplings are of
the strong, electroweak, or SM Yukawa type.

One of the consequences is that a potentially viable DM
particle is also expected to interact with SM-like strength.
Since cosmological observations have long excluded the pos-
sibility ofDMparticles being charged under color [16] and, on
the other hand, the DM is by definition “dark,” or practically
electrically neutral [3, 17], one is led to conclude that all
viable DM candidates in the MSSM must be classifiable on
the basis only of the SU(2) representation they belong to.
Moreover, the available representations are limited to those
that can be found in the SM: SU(2) singlets, doublets, and the
adjoint.

Before we proceed to briefly review these three groups
individually, we remind the reader that in order to make
the lightest SUSY particle (LSP) stable on cosmological time
scales, one introduces in the MSSM an additional discrete
symmetry, R-parity [18–22], under which only the super-
partners of the SM fermions, gauge bosons, and any Higgs
scalar field are odd. The origin of R-parity is still an active
subject of research, and addressing the issue goes beyond the
scope of the present review. We just point out that R-parity
violation is strongly constrained phenomenologically, by the
proton decay rate and electroweak precision measurements
[23].

The only particles of the MSSM that are electrically and
color-neutral are the neutrinos, their scalar superpartners,
called sneutrinos, and, finally, the neutralinos. Neutralinos,𝜒�푖=1,..,4, are Majorana fermion mass eigenstates emerging,
after EWSB, from the diagonalization of the mass matrix of
four electrically and color-neutral SUSY states (see [24–27]
for early studies and [3] for a comprehensive, classic review).
Two of these particles are gauginos, fermionic superpartners
of the SM gauge bosons. The bino, 𝐵, in particular, is the
partner of the U(1) gauge boson, while the neutral wino, �̃�,
is the partner of the SU(2) gauge boson 𝑊3. The other two
states are neutral higgsinos, �̃��푢 and �̃��푑, which belong to a
vector-like pair of Higgs doublet superfields. If the lightest
neutralino, hereafter, indicated simply with 𝜒, is the LSP it
can be the DM particle.
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At the tree level, the neutralino mass matrix takes the
following well-known form:

M𝜒 =

[[[[[[[[[[[[[[[
[

𝑀1 0 −𝑔�耠V�푑√2
𝑔�耠V�푢√20 𝑀2 𝑔V�푑√2 −𝑔V�푢√2

−𝑔�耠V�푑√2
𝑔V�푑√2 0 −𝜇

𝑔�耠V�푢√2 −𝑔V�푢√2 −𝜇 0

]]]]]]]]]]]]]]]
]

, (1)

where 𝑔 and 𝑔�耠 are SU(2) and U(1) gauge couplings, respec-
tively, V�푢 and V�푑 are the vacuum expectation values (vev) of
the neutral components of the scalar Higgs doublets,𝑀1 and𝑀2 are the soft SUSY-breaking bare masses of the bino and
wino, respectively, and 𝜇 is the vector-like mass parameter of
the Higgs doublet superfields.

In the remainder of this section we give an overview of
thementionedDM candidates of theMSSM, highlighting the
strongest phenomenological constraints that can be applied
in each case. We will not, however, discuss the neutrinos.
It has been long known [28, 29] that the SM neutrinos do
not provide, on their own, a viable candidate for cold DM.
Their mass is O(<eV), so that they are relativistic at the
time of decoupling and therefore incur strong constraints
from structure formation [30–32]. On the other hand, heavy
right-handed neutrinos, whose existencemight be postulated
on the ground of the observed neutrino masses and could
provide a naturally expected extension of the traditional
MSSM, also do not provide a good candidate for DM because
they are not protected by R-parity and therefore not stable
over cosmological scales in most scenarios.

2.1. SU(2) Singlets

(Nearly) Pure Bino. The first SU(2) singlet DM candidate we
present is the bino. Because of EWSB, a pure bino state does
not exist in the MSSM, but the lightest neutralino behaves
like a pure bino to a very good approximation, after the
diagonalization of M𝜒, if |𝑀1| ≪ 𝑀2, 𝜇.

The interactions of the bino-like neutralino with the SM
fields are easily found by directly supersymmetrizing the SM
gauge-fermion-fermion interaction and applying theR-parity
conservation constraint. The resulting vertex takes the form
bino-sfermion-fermion, L ⊃ −𝑋�퐿𝑓�퐿𝜒𝑃�퐿𝑓 − 𝑋�푅𝑓�푅𝜒𝑃�푅𝑓,
where tree-level couplings, 𝑋�퐿,�푅 = √2 𝑔�耠𝑌�퐿,�푅, are expressed
in terms of the hypercharge assignment 𝑌�퐿,�푅 of the fermion
Weyl spinors.

The pair-annihilation of bino-like neutralinos in the early
Universe proceeds at the leading order through the 𝑡-channel
diagram shown in Figure 1(a). The region of the MSSM
parameter space where Ωℎ2 ≈ 0.12 is obtained in this way
is historically known as the bulk [33, 34]. One can calculate

the thermal cross section for binos, given approximately by
the following [35]:

⟨𝜎V⟩�퐵 ≈ ∑̃
�푓

𝑔�耠4𝑌4
�푓2𝜋
𝑚2�휒 (𝑚4�푓 + 𝑚4�휒)
(𝑚2
�푓
+ 𝑚2�휒)4

( 𝑇�퐹𝑚�휒) , (2)

in terms of the neutralino (bino) mass, 𝑚�휒, sfermions’ mass𝑚�푓, hypercharge 𝑌�푓, and freeze-out temperature 𝑇�퐹, which
parameterizes the dependence on velocity of the𝑝-wave cross
section, and is set here approximately at𝑇�퐹 ≈ (0.04−0.05)𝑚�휒.

The bulk has been long known to be strongly constrained
by direct SUSY searches at colliders. To give a semiquanti-
tative estimate of these constraints, let us assume that only
selectrons and smuons belong to the light SUSY spectrum,
a reasonable ansatz in light of the strong LHC bounds on
particles with color [36–38]. Assuming all four left- and right-
handed slepton states have the samemass, and inserting𝑌�푓𝐿 =−1/2, 𝑌�푓𝑅 = −1 in (2) one finds that the cross section is
typically much smaller than ∼ 1 pb, except in the range𝑚�휒 <𝑚�푓 ≲ 100GeV. A charged slepton mass of this size has been
long excluded by direct searches at LEP [39].

If, instead of selectrons and smuons, the light sfermions
happen to be status, the parameter space opens up a little,𝑚�휏1 ≲ 150GeV for 𝑚�휒 ≈ 50GeV, due to the nonnegligible
mixing between left and right chiral slepton states, which
introduces an 𝑠-wave component to the annihilation cross
section (see, e.g., [40]). Nevertheless, LHC bounds on elec-
troweak production [41], implying 𝑚�휏1 ≳ 109GeV, are by
now becoming strongly constraining for these scenarios too,
which will be probed even more deeply soon [42]. Finally,
as we have mentioned, SUSY parameter space where bulk
sfermions are charged under color is strongly excluded by
LHC direct searches.

A way to evade the strong collider bounds is provided, if
the bino-like neutralino and some other sparticles (sfermions𝑓 or other gauginos) are nearly degenerate in mass, by
the mechanism of coannihilation [43–45]. In this case the
cross section of (2) should be replaced with an effective
quantity that takes into account the thermal average of all
annihilations and coannihilations of the kind 𝜒𝜒, 𝜒𝑓, 𝑓𝑓 →
SMSM, some of which are likely to be much more efficient
than 𝜒𝜒 → SMSM alone.

However, without any guidance from the theory in the
UV, coannihilation of the bino with other sparticles can only
be achieved in narrow slices of the parameter space, which
require some tuning of the initial parameters to engineer
the desired coincidence of neutralino and sfermion mass.
And in models that are instead defined in terms of a limited
number of free parameters in the UV, like the CMSSM [46],
in which slepton or stop coannihilation with the bino can
occur naturally for particular choices of the initial conditions,
the preferred regions of the parameter space are incurring
increasingly strong limits from direct LHC searches [13, 47–
50]. Besides, with gaugino universality at the GUT scale, it
is a struggle to fully accommodate the measured value of the
Higgs mass at the LHC [47, 51] (this problem is resolved if
the gluino mass is a free parameter, e.g., [52]). Thus, even if
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coannihilation of the bino with other sparticles can still lead
to viable regions of the parameter space in the most generic
parametrizations of the MSSM [53], it is also perhaps not
exceedingly attractive from a natural point of view.

R Sneutrino. The second SU(2) singlet DM candidate of the
MSSM is the scalar “right-handed” sneutrino. The right-
handed sneutrino does not properly belong to the MSSM,
which in its original formulation features massless neutrinos,
but naturally emerges in SM extensions with right-handed
neutrinos, which can give rise to the neutrino mass via small
Yukawa couplings (if the right-handed neutrino is Dirac),
or through the see-saw mechanism (if the right-handed
neutrino is Majorana, see, e.g., [54] and references therein).

The phenomenology of right-handed sneutrinos as DM,
however interesting, is very model-dependent. In traditional
see-saw models with large-scale Majorana mass the right-
handed sneutrino is too heavy to be the DM. On the other
hand, for a sneutrino of the “Dirac” type, or, in alternative,
Majorana but such that the bare mass is of the order of
the superpartners’ mass [55, 56], the only really model-
independent vertex with the SM involves a very small Yukawa
couplingL ⊃ −𝑦]𝑅𝑒�퐿�̃�±�푢 ]̃�푅−𝑦]𝑅]�퐿�̃�0�푢 ]̃�푅.Thus, the induced𝑡-channel processes similar to Figure 1(a), with sneutrinos
(charginos) in place of neutralinos (sfermions), and a tiny
coupling constant are not strong enough to get the correctΩℎ2.

On the other hand, the correct relic density can certainly
be obtained thanks to the mixing with the left-handed
sneutrino, and SUSY breaking can generate 𝐴-terms of the
order of the SUSY scale, which provide large couplings to
the SM Higgs boson. The phenomenology of these cases can
be very rich and exceeds the scope of this review. We direct
the reader to the vast literature on sneutrino DM for further
details (see, e.g., [57–60], for early studies and bounds, and
[61] for a recent LHC analysis).

2.2. SU(2)Doublets. Wehave seen that singletDMcandidates
in the MSSM are accompanied by some uncomfortable
features: they are either strongly constrained by collider
bounds, are only viable in fine-tuned regions of the parameter
space, or present a phenomenology that is highly model-
dependent. We therefore move on to reviewing the next set
of candidates, the SU(2) doublets.

(Nearly) Pure Higgsino. The most popular SU(2) doublet DM
candidate, and the one that appears to usmost attractive from
a phenomenological point of view, is the higgsino, which is
the main subject of this review. As was the case for the bino,
there is no pure higgsino state after EWSB, but one obtains an
almost pure higgsino-like neutralino by diagonalizing M𝜒 in
(1) in the limit |𝜇| ≪ 𝑀1,𝑀2.

As supersymmetry assigns aWeyl spinor to each complex
state in the scalar Higgs doublets one counts four physical
higgsino states, which, after EWSB, give rise to twoMajorana
neutralinos,𝜒1 (or 𝜒) and 𝜒2, and aDirac chargino, 𝜒±.When|𝜇| ≪ 𝑀1 ≈ 𝑀2, the tree-level mass splitting between
the two higgsino-like neutralinos is of approximately the

size of 𝑚2�푍/𝑀1,2 [9], and the splitting between the higgsino-
like chargino and the lightest neutralino is approximately
half of that. Moreover, radiative corrections also induce a
nonnegligible and irreducible mass splitting (∼100sMeV)
between the charged and neutral states (see, e.g., [62, 63]).

To correctly compute the thermally averaged effective
cross section that yields the DM relic abundance, one must
take into account all possible annihilations and coannihi-
lations of higgsino states. For 𝑚�휒 above the 𝑊 threshold
the dominant final state is into 𝑊 and 𝑍 bosons (Figures
1(b) and 1(c) give examples of possible diagrams for this
processes), to which higgsino-like neutralinos and charginos
couple through the electroweak charged and neutral currents
[3]:

L ⊃ (−𝑔2𝑊+�휇 𝜒𝛾�휇𝜒− −
𝑔

4 cos 𝜃�푊𝑍�휇𝜒1𝛾
�휇𝜒2 + h.c.)

− 𝑔
2 cos 𝜃�푊𝑍�휇𝜒

+𝛾�휇 (1 − 2 sin2 𝜃�푊) 𝜒−.
(3)

The effective cross section can be obtained at the leading
order in the limit of all four states being degenerate (see, e.g.,
[35]):

⟨𝜎V⟩(eff)
�̃퐻

≈ 21𝑔4 + 3𝑔2𝑔�耠2 + 11𝑔�耠2
512𝜋𝑚2�휒 . (4)

For heavy, very pure higgsinos, one should include in
the calculation of ⟨𝜎V⟩(eff)

�̃퐻
corrections due to the Som-

merfeld enhancement, a well-known nonperturbative effect
originating from the fact that if a DM particle is much
heavier than the electroweak gauge bosons and relatively
slow, the weak force becomes effectively long-range and the
impact of the nonrelativistic potential on the interaction cross
section becomes significant [64, 65]. However, in the case
of the higgsino the splitting between its charged and neutral
components is almost always large enough to effectively
wash out substantial nonperturbative effects originating from
the resummation of ladder diagrams [66–68], so that in a
first approximation (4) provides a fairly accurate estimate of⟨𝜎V⟩(eff)
�̃퐻

.
One can see that the cross section is typically much larger

than ∼ 1 pb, unless 𝑚�휒 ≈ 1TeV (the precise numerical value
ismore about 1.1TeV, aswe shall see).Thus,∼ 1TeVhiggsino
is on its own a good candidate for the DM in the Universe
[69], while a higgsino much lighter than 1TeV requires one
to assume the existence of an additional DMcomponent (e.g.,
axion [70, 71]), needed to get Ωℎ2 ≈ 0.12.

As we shall see in the next sections, ∼ 1TeV higgsino
is generally associated with a large SUSY-breaking scale and
for this reason it is not currently very constrained from a
phenomenological point of view. However, its characteristic
properties can give us hope for a timely detection in direct
and indirect DM searches and even, if 𝑚�휒 ≪ 1TeV, in
collider searches.

L Sneutrino. We conclude this subsection by reviewing the
properties of the only other SU(2) doublet DM candidate in
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Figure 1: (a) The dominant early-Universe annihilation channel for a nearly pure bino-like neutralino. (b), (c) Examples of annihilation and
coannihilation tree-level channels into gauge bosons for a predominantly higgsino-like neutralino.

the MSSM: the “left-handed” sneutrino, scalar superpartner
of the SM left-handed neutrino.

The left-handed sneutrino is a complex scalar field with
SU(2) × U(1) quantum numbers equal to the higgsino’s. Like
the higgsino, it has charged and neutral current couplings to
the𝑊 and𝑍 bosons,L ∼ −𝑖𝑔/√2(𝑊+�휇 ]̃∗�퐿𝜕�휇𝑒−�퐿 +𝑊−�휇 𝑒+�퐿𝜕�휇]̃�퐿)−𝑖𝑔/(2 cos 𝜃�푊)𝑍�휇]̃∗�퐿𝜕�휇]̃�퐿. The mass splitting of the charged
and neutral components of the SU(2) doublet is, however,
much larger for sneutrinos/sleptons than for higgsinos, being
generated through hypercharge D-term contributions [9]:𝑚2�푒𝐿 − 𝑚2]̃𝐿 ≈ −𝑚2�푊 cos 2𝛽, where tan𝛽 ≡ V�푢/V�푑. Thus,
one should resist the temptation of interpreting (4) as an
accurate estimate of the effective cross section for sneutrinos
too, since the coannihilation of charged and neutral states
becomes somewhat less efficient. It turns out [60] that the
mass required to produce ⟨𝜎V⟩(eff)]̃𝐿

≈ 1 pb is about𝑚]̃𝐿 ≈ 600−700GeV. Sneutrinos lighter than that imply the existence of
an additional component of DM.

A very important constraint on left-handed sneutrinos
as DM arises because they, unlike the Majorana higgsino-
like neutralinos, are not their own antiparticle, so that their
elastic scattering with nuclei in direct detection experiments
proceeds also through 𝑡-channel exchange of a 𝑍 boson. By
virtue of the sneutrino’s neutral current coupling, the spin-
independent cross section is approximately given by a Fermi-
like contact interaction, 𝜎SI�푝 ≈ 𝜇2red𝐺2�퐹/8𝜋 ≈ 10−3 pb =
10−39 cm2, where reduced mass 𝜇red ≈ 𝑚�푝 for 𝑚]̃𝐿 ≫𝑚�푝. Cross sections of this size have been long excluded in
underground detector searches [72, 73].

2.3. SU(2) Adjoint Triplet

(Nearly) Pure Wino. The only SU(2) triplet DM candidate
in the MSSM is the wino-like neutralino, dominated by the
fermionic superpartner of the 𝑊3 weak gauge boson. The
wino belongs to the adjoint representation of the gauge group
(hypercharge 𝑌 = 0) and the wino-like neutralino emerges,
after EWSB, from the diagonalization of (1) in the limit|𝑀2| ≪ 𝑀1, 𝜇. One finds a Majorana neutralino, 𝜒, and a
Dirac chargino, 𝜒±, mass-degenerate at the tree level. In the
context of UV complete models of SUSY-breaking, spectra
with a light wino can arise, for example, in scenarios where
SUSYbreaking is transmitted via anomalymediation [93, 94].

If the wino LSP is heavier than the electroweak gauge
bosons, its dominant final state channel for annihilation
(and coannihilation with charginos) in the early Universe is
into 𝑊 (but not 𝑍) boson final states, to which it couples
as L ∼ −𝑔 𝑊±�휇 𝜒𝛾�휇𝜒∓. The thermal annihilation cross
section is dominated by coannihilations of the three wino
states, similarly to what happens for the doublet higgsinos.
Annihilation into fermion–antifermion final states through
a 𝑡-channel sfermion exchange, reminiscent of the bino bulk
mechanism, has been instead long excluded by LEP limits on
the charged slepton masses.

Unlike higgsinos, in the wino case mass splitting between
the charged and neutral fermion component of the SU(2)
multiplet is generated exclusively by radiative corrections,Δ𝑀�̃푊 = (𝑔2/4𝜋)𝑚�푊 sin2(𝜃�푊/2) ≈ 166MeV [95]. Note
that the mass splitting is typically much smaller than for
higgsinos, so that one cannot neglect the effects of the Som-
merfeld resummation on the calculation of the thermal cross
section. When one includes the Sommerfeld enhancement
numerically, the correct relic density is obtained for 𝑚�휒 ≈2.7−2.8TeV [66–68]. For a lightermass, winos donot saturate
the relic abundance.

The Sommerfeld enhancement induces more dramatic
modifications of the effective DM annihilation cross section
when the average kinetic energy of theWIMP corresponds to
speeds of the order of 10−3𝑐, as in the present-day Universe.
This fact has led to the derivation of powerful indirect
astrophysical constraints on the annihilation cross section of
wino-like neutralinos [91, 96–99]. By taking into account the
effects of Sommerfeld-enhanced contributions to the anni-
hilation of winos into monochromatic gamma rays, as well
as bounds on the present-day cross section to 𝑊+𝑊− from
diffuse gamma radiation from the Galactic Center andDwarf
Spheroidal satellite galaxies (dSphs), measured in terrestrial
and space telescopes HESS [89, 100] and Fermi-LAT/MAGIC
[88], and from cosmic-ray (CR) antiproton data at AMS-02
[90, 91], one can derive strong independent constraints (albeit
affected by significant systematic uncertainties) which steeply
raise the stakes on the wino as a viable DMparticle, especially
in scenarios where it saturates the relic abundance.

2.4. Mixed Cases. The four neutralinos of the MSSM are all
Majorana fermions that, after EWSB, remain neutral under𝑈(1)em and color. In the absence of a well-separated hierarchy
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Figure 2: The main interaction between the neutralino and heavy
nuclei in underground detectors in the limit of squarks and heavy
Higgs bosons beingmuchheavier than𝑚ℎ = 125GeVand in general
outside of LHC reach.

among𝑀1,𝑀2, and 𝜇, the lightest mass eigenstate will be an
admixture of the SU(2) gaugemultiplets discussed in Sections
2.1–2.3 but, unlike those cases, it will present properties that
differ significantly from a pure gauge eigenstate.

When |𝑀1| ≈ |𝜇| the neutralino is in a highly
mixed bino/higgsino state. Mixed neutralinos of this kind
(sometimes also called “well-tempered” [35]), originally
observed inmSUGRAparameter space [101–103] but that can
arise under different boundary conditions (e.g., [104, 105]),
enjoyed some popularity, especially before the advent of the
LHC, because they can easily lead to Ωℎ2 ≈ 0.12 for values
of the 𝜇 parameter as low as few hundreds GeV, which
are favored to solve the hierarchy problem. However, the
rapid progress made in the bounds on the spin-independent
cross section of the neutralino scattering off nuclei in direct
WIMP detection searches, combinedwith a failure to directly
observe scalar fermions and heavy Higgs bosons at the LHC,
have rendered scenarios where the lightest neutralino is a rich
admixture of gaugino and higgsinomuch less appealing if not
excluded altogether (see, e.g. [106], for a very recent update of
the constraints on bino-higgsino, and [99] for wino-higgsino
scenarios).

To briefly set the issue on quantitative grounds, let us
estimate the strength of the coupling with which neutralino
admixtures of higgsino and gaugino contribute to the spin-
independent cross section. We recall that, in the limit of the
squarks and heavy Higgs bosons being much heavier than𝑚ℎ = 125GeV, which has become a reasonable assumption
after the first two runs of the LHC, the main interaction
between the neutralino and heavy nuclei in underground
detectors proceeds as in Figure 2, via 𝑡-channel exchange of
the 125GeVHiggs boson and an effective coupling to gluons
through the heavy quark loops.

As the neutralino LSP-Higgs-neutralino LSP tree-level
vertex directly stems from applying the gauge covariant
derivative on the Higgs doublets, it is nonzero only for a
gaugino/higgsino admixture. For tan𝛽 sufficiently large to
ensure a predominantly SM-like Higgs boson (tan𝛽 > 3 − 4
is a condition often fulfilled, for instance, in scenarios where
EWSB is obtained radiatively via the renormalization group
evolution of soft SUSY-breaking parameters constrained at
some high scale, as it prevents certain soft masses from
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Figure 3: The neutralino-proton spin-independent cross section,𝜎SI�푝 , for a typical case of predominantly higgsino-like neutralino DM
with𝑚�휒 = 1.0TeV as a function of higgsino purity 𝑓higgsino (≡ 𝑓ℎ).

running tachyonic at the low scale.), the coupling to the
nucleon can thus be expressed entirely in terms of the
higgsino fraction (or purity), 𝑓ℎ, which depends on the
elements of the unitary matrix,𝑁, diagonalizing (1).

If diag[𝑚�휒1 , 𝑚�휒2 , 𝑚�휒3 , 𝑚�휒4] = 𝑁M𝜒𝑁†, one can define
𝑓ℎ ≡ |𝑁13|2 + |𝑁14|2 and express the coupling of interest as
L ∼ (𝑔√𝑓ℎ(1 − 𝑓ℎ)/4)𝜒𝜒ℎ. Note, incidentally, that deriving
an explicit form for the elements of matrix 𝑁 in terms of
bare masses 𝑀1, 𝑀2, and 𝜇 is not a trivial task even at the
tree level, and useful formulas in this regard can be found in
several papers, for example, [107–110]. By simple inspection
of (1), however, one can infer a rough approximation for the
higgsino fraction in the limit of nearly pure higgsinos, |𝜇| ≪𝑀2 ≈ 𝑀1:

1 − 𝑓ℎ ≈ 𝑚2�푊
(𝑀1,2 − 𝜇)2 . (5)

Equation (5) becomes quite accurate for 𝑓ℎ ≳ 0.999.
The spin-independent cross section of the neutralino

with protons (nucleons), 𝜎SI�푝 = (4𝜇2red/𝜋)|A�푝|2, can be
parameterized for moderate-to-large tan𝛽 simply as follows
[3]:

A�푝 (𝑓ℎ) ≈ 𝑎eff 𝑓�푇�퐺9
𝑚�푝
V

𝑔√𝑓ℎ (1 − 𝑓ℎ)
𝑚2
ℎ

, (6)

in terms of the gluon fractional content of the proton,𝑓�푇�퐺 (we
use the default value for micrOMEGAs v4.3.1 [111], 𝑓�푇�퐺 =0.92), and a phenomenological fudge factor, 𝑎eff ≈ 0.9 − 1,
which takes into account the dependence ofA�푝 on twist-two
operators [112] and higher-order loop corrections [113].

We show in Figure 3 a plot of 𝜎SI�푝 as a function of purity𝑓ℎ for a 𝑚�휒 = 1TeV neutralino (to a first approximation
the DM mass affects the cross section only through the
reduced mass leading to 𝜇red ≈ 𝑚�푝). One can see that, for
admixtures dominated by the higgsino fraction, the most
recent XENON-1T 90% CL upper bound [75] on 𝜎SI�푝 enforces
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𝑓ℎ > 98%, so that viableDMcandidates ought to be very close
to a pure higgsino state.

Since the purity of well-tempered higgsino-dominated
neutralinos stays well below 90% in those models attempting
to provide a satisfactory solution to the hierarchy problem
while saturating the relic abundance [35], we conclude that,
barring increasingly narrow corners of the parameter space
[106], these scenarios have become very hard to rescue or
justify in light of the most recent direct detection bounds.

To conclude this subsection, we finally recall that, in cases
where |𝑀1| < |𝜇| ≲ 1 − 2TeV, one obtains scenarios where
the mixed neutralino is predominantly bino-like, but also
acquires couplings that originate from its admixture with
higgsino states, so that additional mechanisms for obtaining⟨𝜎V⟩ ≈ 1 pb with respect to Section 2.1 are possible.

These mechanisms, often called funnels, involve resonant
or close-to-resonant 𝑠-channel annihilation of two neutralino
LSPs via a nearly on-shell mediator which could be the 𝑍
boson (if 𝑚�휒 ≈ 𝑚�푍/2) [25], the SM Higgs boson (if 𝑚�휒 =60 − 65GeV) [114], or one of the heavy Higgs bosons of the
MSSM [33].

Note that the 𝑍-funnel parameter space is strongly con-
strained by the LHC.Thecoupling of the lightest neutralino to
the 𝑍 boson is due exclusively to the isospin neutral current,
cf. Section 2.2, which means that in mixed bino-higgsino
scenarios it is directly proportional to the higgsino fraction.
As a consequence, 𝑓ℎ cannot take excessively small values or,
in other words, 𝜇 cannot be much larger than 𝑀1 ≈ 𝑚�푍/2.
The relative proximity of a mostly higgsino-like chargino
and a mostly bino-like neutralino subjects this region of the
parameter space to strong bounds from direct LHC multi-
lepton searches [115].

Light and heavy Higgs boson funnels are less constrained
from direct LHC SUSY searches than the 𝑍 funnel, since the
direct coupling to the lightest neutralino is dependent on√𝑓ℎ and the mediator can be quite heavy. However, there
exist complementary observables which can constrain these
regions, like the branching ratio BR (𝐵�푠 → 𝜇+𝜇−) [116]
and direct searches for heavy Higgs bosons in the 𝜏𝜏 channel
[117]. Moreover, as was the case for the coannihilations of
the bino, most phenomenological scenarios require ad hoc
arrangement of the parameters to obtain the right ratio of
neutralino to scalar mass, although this is not necessarily the
case for some parameter-space regions of GUT-constrained
scenarios like the CMSSM, in which the renormalization
group evolution (RGE) of soft masses from a handful of
free parameters can lead more naturally to the right mass
coincidence (see, e.g., [118, 119] for early studies).

3. Phenomenology of Higgsino Dark Matter

The discussion of Section 2 has led us to conclude that the
sole DM candidate of the MSSM emerging almost unscathed
from the wealth of observational data of recent years is the
nearly pure higgsino. We therefore dedicate this section to
the analysis of the prospects for detection of a higgsino-like
neutralino in direct DMdetection searches, collider searches,
and indirect astrophysical signals, and spend a few words on

alternative strategies in other experimental venues. We will
also give some predictions for the scale of the superpartner
particles in traditional models and briefly discuss the issue of
fine tuning.

3.1. Prospects for Detection in Direct and Indirect Searches.
We begin in Figure 4(a), where we plot the rescaled
spin-independent neutralino-nucleon cross section ver-
sus neutralino mass for a nearly pure higgsino under
CMSSM/mSUGRA boundary conditions [46] (We remind
the reader that this means scanning simultaneously over 4
free parameters: 𝑚0, the universal soft SUSY-breaking scalar
mass at theGUT scale;𝑚1/2, the universal GUT-scale gaugino
mass;𝐴0, the universal GUT-scale soft trilinear coupling; and
tan𝛽, the ratio of the Higgs doublets’ vevs. We scan them in
this study over broad ranges: 𝑚0, 𝑚1/2 ∈ [0.1TeV, 30TeV],𝐴0 ∈ [−30TeV, 30TeV], tan𝛽 ∈ [1, 62]. Additionally, one
chooses the sign of 𝜇, which we set here to positive, as its
sign does not much affect the region of parameter space with
nearly pure higgsino DM (see, e.g., [47, 116]). Note that the
chosen input mass ranges encompass the parameter space
region shown in Figure 4 in its entirety. In it one finds𝑚1/2 ≲0.6𝑚0, with 5TeV ≲ 𝑚0 ≲ 25TeV, 2.5TeV ≲ 𝑚1/2 ≲ 15TeV
due to the Higgs mass measurement, see discussion below.).
The color code depicts the higgsino DM relic abundance.
For the points of the parameter space corresponding to Ωℎ2
below the Planckmeasurement [6],ΩPLℎ2 ≈ 0.12, we directly
rescale 𝜎SI�푝 by 𝜉 = Ωℎ2/ΩPLℎ2, assuming implicitly that the
fraction of higgsino DM we measure locally today traces
closely its early time large-scale freeze-out value. Solid tilted
lines show recent direct upper bounds from the PandaX-
II [74] (maroon) and XENON1T [75] (blue) underground
experiments. The latter is not much more constraining
than an earlier bound from the now decommissioned LUX
[76]. Dot-dashed lines show the projected reach of several
upcoming and planned experiments.

We also show in Figure 4(a) as a thin black line the current
lower bound on mass from direct searches for compressed
electroweakinos in final states with two low-momentum
leptons at the LHC ([82, 83], following a proposal and case
studies by [120, 121]), which is sensitive to higgsino DM for
mass splitting 𝑚�휒2 − 𝑚�휒1 = 3 − 30GeV. One should also be
aware of the estimated putative reach of the ILC in testing
higgsinos [122], which we do not show in the plot for lack
of space. It extends to approximately 240GeV (480GeV),
independently of mass splitting, if the beam energy is set to𝑠 = (500GeV)2 (𝑠 = 10002 GeV2).

In Figure 4(b) we show the rescaled spin-dependent
neutralino-proton elastic scattering cross section, 𝜉𝜎SD�푝 , ver-
sus neutralino mass. We show with solid lines existing
indirect upper bounds from observations of neutrinos from
the Sun in the neutrino telescopes IceCube [84] (green) and
Antares [85] (red), interpreted for a predominantly 𝑊+𝑊−
annihilation final state, which give a good approximation
for the nearly pure higgsino case [53, 123]. Dashed lines of
different colors give various projections for the future direct
reach in 𝜎SD�푝 of underground detectors.
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(a) (b)

Figure 4: (a) Spin-independent neutralino-nucleon cross section 𝜎SI�푝 rescaled by the relic abundance, as a function of neutralino mass 𝑚�휒,
for a nearly pure higgsino with CMSSM/mSUGRA boundary conditions subject to 𝑚ℎ ≈ 125GeV and LHC Higgs bounds. Solid lines show
the 90% CL upper bounds from PandaX-II [74] (maroon) and XENON1T [75] (LUX [76]) (blue). Dot-dashed lines show the projected reach
for DEAP-3600 [77] (orange), XENON1T/nT [78] (blue), DarkSide G2 [79] (maroon), LZ [80] (black), DARWIN (purple) [81]. Thin solid
black line shows the current lower bound on mass from direct searches at the LHC [82, 83]. (b) Rescaled spin-dependent neutralino nucleon
cross section 𝜎SD�푝 as a function of neutralino mass𝑚�휒, for the a nearly pure higgsino in the CMSSM/mSUGRA. Solid lines show the 90% CL
indirect upper bounds from IceCube [84] (green) and Antares [85] (red). Dashed lines show projections for LZ [86] (violet), XENON1T [78]
(purple), Pico-500 [87] (blue), and DARWIN [81] (black).

The relic density and DM observables are here calcu-
lated with micrOMEGAs v4.3.1 [111]. The supersymmetric
spectrum is calculated with SPheno v4.0.3 [124, 125], and
all model points are subject to LHC Higgs constraints from
HiggsSignals/HiggsBounds [126–129] and to the Higgs
mass measurement [130]. The Higgs mass is calculated, like
the SUSY spectrum, with the latest version of SPheno, which
yields, in the regime where soft SUSY-breaking masses are
well above ∼ 1TeV, a value in excellent agreement with other
numerical packages, SusyHD [131] and FlexibleSUSY [132].
The calculated value is subject to an overall estimated theory
uncertainty of approximately 2GeV [133], which we take into
account in Figure 4. Note that when the SUSY spectrum lies
in the several TeV regime or above, all electroweak precision
and flavor observables, including the anomalous magnetic
moment of the muon, are expected to roughly maintain their
SM value.

We have chosen to show in Figure 4 the higgsino
parameter space under CMSSM boundary conditions, which
provide a reasonable ansatz for models with scalar univer-
sality inspired by supergravity, and more generally cast in a
lean framework scenarios in which supersymmetry breaking
is transmitted to the visible sector at some high scale (the
GUT scale) and EWSB is obtained radiatively around the
minima of the MSSM scalar potential. In models defined in
this way one observes, for a higgsino-like neutralino, strong
correlation between the Higgs boson mass and the allowed
minimum value of 𝜎SI�푝 . We show this in Figure 5, where
we plot the lower bound on 𝜎SI�푝 as a function of Higgs
mass for a higgsino LSP of arbitrary mass. The correlation
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Figure 5: Lower bound on 𝜎SI�푝 as a function of Higgs mass for a
higgsino LSP of arbitrarymass in genericmodels where the breaking
of supersymmetry is transmitted at the GUT scale and the physical
spectrum and EWSB are obtained after RGE to the low scale.

between minimum cross section and Higgs mass translates
in Figure 4(a) into a lower bound on 𝜎SI�푝 when𝑚�휒 ≈ 1TeV.

To qualitatively understand what is happening, let us
recall from Section 2.4 that in order to push down 𝜎SI�푝 for
a predominantly higgsino-like neutralino one must increase
purity 𝑓ℎ or, in other words, raise the wino and bino masses,
cf. (5). Very heavy winos/binos at the GUT scale feed through
the RGE on the low-scale value of the soft SUSY-breaking
up-type Higgs doublet mass, which carry SU(2) isospin and
hypercharge and also tend to push down the right-handed
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stop mass. This happens even in scenarios where the gluino
mass is not universal and can be found relatively close to the
higgsino, like those analyzed in [134].

In order to keep the Higgs doublet soft mass under
control, so as to obtain a higgsino-like LSP after EWSB,
and avoid tachyonic physical states, numerical scans are in
this situation driven to large negative 𝐴0 and/or larger soft
scalar mass. Both solutions have the net effect of pushing
up the Higgs boson mass and give rise to the behavior we
observe in Figure 5 (The attractiveness, from the phenomeno-
logical point of view, of a lower bound on the neutralino
scattering cross section determined by the Higgs mass mea-
surement was pointed out early on in Bayesian analyses of
the CMSSM/NUHM [13, 47, 116]. The exact minimal cross
section depends strongly on the calculation of the Higgs
mass itself, and on how it translates into mass predictions for
the sparticles. In SPheno v4.0.3, 𝑚ℎ ≈ 125GeV leads to
less optimistic expectations for the mean SUSY scale than in
the versions of SOFTSUSY [135] or FeynHiggs [136] used in
[47, 116]. Hence the parameter space in Figure 4(a) extends
to lower 𝜎SI�푝 values than in those studies.).

There is no apparent lower bound on the scattering cross
section if we relax the requirement of radiative EWSB from
boundary conditions generated at the GUT scale. This is the
case, for example, in models where the typical mass of scalar
particles is by several orders ofmagnitude decoupled from the
electroweak vev (see, e.g., [137–139]), and one does not expect
to infer strict relations between the mechanism of SUSY-
breaking and EWSB. The relic density alone determines then
the mass of the higgsino-like DM, and purity 𝑓ℎ can be
extremely close to 1. We generically indicate with a black
arrow in Figure 4(a) the parameter space for higgsino DM
in those models, which can extend well below the neutrino
background floor [63, 140].

This highly inaccessible part of the higgsino parameter
space proves particularly tricky to probe. For underabundant
higgsinos, 𝜇 ≪ 1TeV, interesting venues for detections can
be provided, for very small mass splitting, 𝑚�휒± − 𝑚�휒 ≈150MeV, by future collider searches for disappearing tracks
[141, 142]. If there is a sizable CP violating phase, future
electron dipole moment experiments might be sensitive to
parameter space with purity in excess of 99.99% [63]. And
possibly new venues for detection are given by the cooling
curve of white dwarfs [15]. Additional opportunities for
the future detection of higgsino-like compressed spectra,
in particular for long-lived particles with a relatively short
lifetime, can arise then in electron-proton colliders [143].

We finally show in Figure 6 the status of indirect
detection bounds and projections in gamma-ray searches
in space and terrestrial telescopes for ∼ 1TeV higgsino
DM under CMSSM/mSUGRA boundary conditions (we
implicitly assume that the chances for detection maximize
if higgsinos saturate the relic abundance). In Figure 6(a),
solid black line shows the most recent 90% CL upper bound
on the present-day 𝜎V from the statistical combination of
Fermi-LAT and MAGIC observations of dSphs [88], and the
magenta line draws the recent bound from 10-year observa-
tion of the Galactic Center at HESS [89] under the Einasto

profile assumption. We adopt the bounds in the𝑊+𝑊− final
state interpretation, which give a good approximation for the∼ 1TeV higgsino.

For the 𝑊+𝑊− final state we show in solid green the
determination by [91] of the 95%CL upper bound on 𝜎V from
antiproton CR data at AMS-02 [90], under the NFW profile
assumption. Note that the bound is subject to uncertainties
related to the choice of diffusion model for CR propagation
in the Galaxy. Some of these choices can in fact weaken it
[91], and push it up to approximately the level of the HESS
limit. Finally, dashed blue line shows the projected statistical
reach of CTA 500h, under the Einasto profile assumption
[53, 144]. Note that including the systematic uncertainty
from diffuse astrophysical radiation will most likely weaken
the extent of the projected reach [123, 145]. Also note in
Figure 6(a) that some model points are characterized by 𝜎V
significantly above the thermal relic expectation, due to the
presence of the heavy pseudoscalar Higgs mass at𝑚�퐴 ≈ 2𝑚�휒
[47, 53]. Regions of the parameter space that allow for this
serendipitous coincidence thus see their indirect detection
prospects improve significantly.

We show in Figure 6(b), as a magenta solid line, the
current 95% CL upper bound on the annihilation cross
section (times velocity) to gamma-ray lines from the final
254h data at HESS [92] under the Einasto profile assumption.
The line is compared to the cross section of our ∼ 1TeV
higgsino points, which lie well below the limit.

3.2. The Soft SUSY Scale and Fine Tuning. We conclude with
a few words about the expected scale of the supersymmetric
particles associated with higgsino DM. In truth, little is
known in this regard, as the issue is highly model-dependent
and there is not one only way of inferring the scale of SUSY
breaking.

Of course, expressions similar to (5)-(6) can give us a
lower bound on the scale of the electroweak gauginos for
every given upcoming new constraint on 𝜎SI�푝 , but to be
precise one should then take into account the rich parametric
dependence of the full formulas. Equivalently, theHiggsmass
measurement tells us that in all likelihood stops and gluinos
sit well above the LHC reach, but little more than that is
known, as expectations depend strongly on parameters like
tan𝛽 and the trilinear coupling 𝐴 �푡.

Thus, without pretence of presenting any universally
valid result, but to just show an example of a model where
the measurement of the Higgs mass actually does provide
predictions for the maximally allowed typical scale of the
superpartners, we present in Figure 7(a) the distribution
of the mean stop mass, 𝑀SUSY = (𝑚�̃푡1 𝑚�̃푡2)1/2, under
CMSSM/mSUGRA boundary conditions in the (𝑚�휒, 𝜉𝜎SI�푝 )
plane with higgsino DM. One can see that by approximately
the next roundofXENON-1Tdatawewill be starting to probe
the 10TeV range of the superpartners if the DM is entirely
composed of higgsinos. Note also that, for higgsino mass𝑚�휒 ≲ 140GeV, the LHC is already excluding, with direct
soft-lepton bounds on electroweakinos, the parameter space
corresponding to𝑀SUSY ≲ 8 − 10TeV.
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Figure 6: (a) Indirect detection bounds and projections in gamma-ray searches in space and terrestrial telescopes for ∼ 1TeV higgsino DM
under CMSSM/mSUGRA boundary conditions. Solid black line shows 90% CL upper bounds on the present-day annihilation cross section
to𝑊+𝑊− from the statistical combination of Fermi-LAT andMAGIC observations of dSphs [88]; solid magenta line shows the recent bound
from 10-year observation of the Galactic Center at HESS [89] under the Einasto profile assumption; solid green line shows the upper bound
from antiproton cosmic-ray (CR) data at AMS-02 [90] according to [91] for the NFW profile; and dashed blue line shows the projected reach
of CTA 500h under the Einasto profile assumption [53]. (b) In magenta, the current 95% CL upper bound on the annihilation cross section
(times velocity) to gamma-ray lines, 𝜎�훾�훾V, fromHESS [92] under the Einasto profile assumption, compared to the cross section of our ∼ 1TeV
higgsino points.
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Figure 7: (a) A plot of𝑀SUSY = (𝑚�̃푡1 𝑚�̃푡2 )1/2 in the (𝑚�휒, 𝜉𝜎SI�푝 ) plane with higgsino DM under CMSSM/mSUGRA boundary conditions. (b)
EWSB fine tuning for points with higgsino DM in the (𝑚�휒, 𝜉𝜎SI�푝 ) plane.

Finally, like all BSM models developed at least in part to
deal with the hierarchy problem, after the first two runs of
the LHCmodels with higgsino DMhave becomemarred by a
certain amount of EWSBfine tuning.The severity of this issue
depends, of course, on the specific features of each model:
how EWSB is obtained and the relation to the mass of the
Higgs boson. In the context of the CMSSM, the fine tuning
associated with higgsino DM is shown in Figure 7(b), where

we plot in the (𝑚�휒, 𝜉𝜎SI�푝 ) plane the size of the usual Barbieri-
Giudice measure [146, 147] (following the prescription of
[148]) (We remind the reader that the Barbieri-Giudice mea-
sure is generally defined as max�푝𝑖 |𝜕 log𝑀2�푍/𝜕 log𝑝�푖|, where𝑝�푖 are the model’s input parameters at the typical scale of
the messengers for SUSY breaking. In the CMSSM these are
the GUT-defined parameters𝑚0,𝑚1/2,𝐴0, 𝐵0, 𝜇0.). No point
shows EWSB fine tuning of less than a part in 100, as direct
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consequence of the Higgs mass measurement, and one can
observe the well-known fact that higgsino points favored by
expectations of naturalness correspond to 𝑚�휒 < 1TeV and
lead to Ωℎ2 ≪ 0.12. For the specific case of the ∼ 1TeV
higgsino, a failure to observe a signal in, say, the next round
of XENON-1T data will imply a fine tuning greater than one
part in 103, with rapid increasewith each successivemilestone
exclusion (There exist ways of embedding the MSSM in UV
completions that can lead to lower fine tuning for higgsino
DM, see, e.g., [134, 149].).

However, we emphasize that a large fine tuning is by
no means exclusive to the CMSSM, to higgsino DM, or
even to SUSY in general (see, e.g., [150] for fine tuning in
a non-SUSY scenario). As a matter of fact, the majority of
phenomenological DM models found in the literature do
not even attempt to construct a UV completion that could
directly relate their free parameters to the physics of the
high scale. It is very possible that once a discovery is finally
made many of the suspended questions will start to find their
answers. Higgsinos appear to be just in the perfect position
to usher, in case of their eventual discovery, a new era of
understanding.

4. Summary and Conclusions

The appealing theoretical features of the MSSM have made
it, through the years, a natural favorite among the theoretical
frameworks incorporating a possible DM particle. In this
review, we have given a summary of the current status of
phenomenological constraints on the DM candidates of the
MSSM and have highlighted the growing consensus that,
although available parameter space remains open for most
DM aspirant particles, only one of them, the higgsino-
like neutralino, is almost entirely free of tension from the
increasing amount of observational data.

Much of what makes higgsinos very attractive is the fact
that the current constraints are not evaded with specific
arrangements of some model parameters, but rather as a
consequence only of the higgsino isospin quantum numbers,
which lead to a fairly largemass to produceΩℎ2 in agreement
with observations, and of the mass splittings among its
neutral and charged components, which stem directly from
EWSB. As these are not exotic features, one reasonably
expects that the higgsino parameter space will not remain
unexplored indefinitely.

We have thus reviewed the excellent prospects for detec-
tion of higgsinos in the traditional experimental venues
of direct DM detection in underground searches, indi-
rect detection from astrophysical observations, and collider
accelerators, all of which show reasons for optimism. The
prospects are particularly enticing in supergravity-inspired
scenarios with radiative EWSB, where the overall consistency
of the theoretical picture requires a lower bound on the
spin-independent cross section for higgsinos, determined
indirectly but convincingly by the measured value of the
Higgs boson mass.

For those models that might instead be characterized
by very large scales for the superpartners (in agreement

with the 125GeV Higgs mass when tan𝛽 is close to 1),
the prospects for detection are more tricky to assess, but
not without hope. We have drawn the reader’s attention
to a few references that promoted alternative venues for
the explorations of this more fleeting scenarios. Promising
venues are given by the experimental determination of dipole
moments, disappearing track signatures in colliders, and the
measurement of cooling curves in white dwarfs and neutron
stars.

Overall, we hope this might serve as an agile but com-
prehensive report on the consistency of the higgsino DM
picture, and on the multiple opportunities that arise for its
observation in the not so distant future.
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We review the current status of neutrino oscillation experiments, mainly focusing on T2(H)K, NO]A, and DUNE.Their capability
to probe high energy physics is found in the precision measurement of the CP phase and 𝜃23. In general, neutrino mass models
predict correlations among the mixing angles that can be used to scan and shrink their parameter space. We updated previous
analysis and presented a list of models that contain such structure.

1. Introduction

The upcoming sets of long-baseline neutrino experiments
will establish a new standard in the search for new
physics. Two distinct directions arise; the phenomenological
approach consists of seeking new unobserved phenomena
that are present in a large class of models. They were
extensively studied in the literature and are subdivided into
3 main groups: Nonstandard Interactions (NSI) searches [1–
14], Light Sterile Neutrinos [15–19], and Nonunitarity [20–
28]. The second approach is more theory based and was less
explored. It focuses on correlations among neutrino mixing
angles predicted by high energy models. This opens the
possibility of testing models that contain almost no low-
energy phenomenological effects different from the Standard
Model.

Since the discovery of neutrino oscillations, a plethora
of models was realized to try to explain the origin of
the neutrino masses. The first proposal was the see-saw
mechanism [29–34] which tried to explain the smallness of
neutrino masses (𝑚]) through a heavy mass scale (𝑀)𝑚] ∝𝑀−1. Another possible path uses loop mechanisms, in which
neutrino masses can be suppressed at zeroth [35] or even first
order [36]. Nevertheless, such theories usually do not explain
the structure of the oscillation parameters, as they are merely
free parameters.

This changes by the addition of discrete symmetry that
controls the pattern of the leptonic mass matrix [37–39]; for
a review on the subject see, e.g., [40, 41]. They can predict
relations among the neutrino mixing angles [42–53] which
can be used to constrain the parameter space of such theories
[54].

This manuscript is divided into seven sections: In Sec-
tion 2 we describe current and future neutrino oscillation
experiments: T2K, NO]A, and DUNE and their simulation.
In Section 3 we briefly discuss the statistical analysis and
methods used to scan the parameter space. In Section 4
we present the sensitivity to neutrino mixing parameters
expected in each experiment. In Section 5 we review the
possibilities of using the 𝜃23-𝛿CP correlation in long-baseline
experiments by updating previous analysis of two models
[55, 56]. In Section 6 we review the possibility of using the𝜃13-𝜃23 correlation by combining long-baseline experiments
with reaction measurements of 𝜃13. In Section 8 we present a
summary of the results.

2. Long-Baseline Experiments and
Their Simulation

Here we choose focusing on four experimental setups; two of
them are already running: T2K [57] and NO]A [58]; and two
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Table 1: Summary of neutrino experiments.

Experiment Baseline Size Target Expected POT Peak Energy (GeV) Status
T2K [57] 295 km 22.5 kt Water 7.8 × 1021 (20 × 1021) 0.6 Running (10% total POT)
NO]A [58] 810 km 14 kt Liq. Scintillator 3.6 × 1021 2.0 Running (17% total POT)
DUNE [59] 1300 km 40 kt Liq. Argon 1.47 × 1021 2.5 Start data taking: 2026
T2HK [60] 295 km 2 × 190 kt Water 1.56 × 1022 0.6 Start data taking: 2026 (2032)

had their construction approved: DUNE [59] and T2HK [60].
Their sensitivity to the two most unknown parameters of the
leptonic sector, the CP violation phase and the atmospheric
mixing angle, makes them ideal to probe correlations among
the mixing angles. As shown in [54], they can be used to
shrink the parameter space of predictive models. A short
description of each experiment can be found below and in
Table 1.

(1) T2K.The Tokai to Kamiokande (T2K) experiment [57, 61]
uses the Super-Kamiokande [62] as a far detector for the
J-Park neutrino beam, which consists of an off-axis (by a2.5∘ angle) predominantly muon neutrino flux with energy
around 0.6GeV. The Super-Kamiokande detector is a 22.5 kt
water tank located at 295 from the J-Park facility. It detects
neutrino through the Cherenkov radiation emitted by a
charged particle created via neutrino interaction.There is also
a near detector (ND280); thus the shape of the neutrino flux
is well known, and the total normalization error reaches 5%
for the signal and 10% for the background. T2K is already
running and its current results can be found in [63] and reach7 × 1020 POT of flux for each neutrino/antineutrino mode,
which corresponds to 10% of the 7.8×1021 expected approved
exposure. There are also plans for extending the exposure to20 × 1021 POT.
(2) NO]A. The NuMI off-axis ]�푒 appearance (NO]A) [58,
64, 65] is an off-axis (by a 0.8∘ angle) that uses a neutrino
beam from theMain Injector of Fermilab’s beamline (NuMI).
This beam consists of mostly muon neutrinos with energy
around 2GeV traveling through 810 km until arriving at the
14 kt Liquid Scintillator far detector placed at Ash River, Min-
nesota. The far and near detectors are highly active tracking
calorimeters segmented by hundreds of PVP cells and can
give a good estimate of the total signal and background
within an error of 5% and 10% of total normalization error,
respectively. The planned exposure consists of a 3.6 × 1021
POT that can be achieved in 6 years of running time, working
in 50% in the neutrino mode and 50% in the antineutrino
mode. NO]A is already running; current results can be found
in [66, 67].

(3) DUNE. The Deep Underground Neutrino Experiment
(DUNE) [59, 68–71] is a long-baseline next generation on-
axis experiment also situated in Fermilab. It flux will be
generated at the LBNF neutrino beam to target a 40 kt Liquid
Argon time chamber projection (LarTPC) located 1300 km
away from the neutrino source at Sanford Underground
Research Facility (SURF).The beam consists of mostly muon

neutrinos of energy around 2.5GeV and expects a total
exposure of 1.47 × 1021 POT running 3.5 years in neutrino
mode and 3.5 years in antineutrino mode. The near and far
detectors are projected to obtain a total signal (background)
normalization uncertainty of 4% (10%). The experiment is
expected to start taking data around 2026.

(4) T2HK.The Tokai to Hyper-Kamiokande (T2HK) [60, 72–
75] is an upgrade of the successful T2K experiment at J-Park.
It uses the same beam as its predecessor T2K, an off-axis
beam from the J-Park facility 295 km away from its new far
detector: two water Cherenkov tanks with 190 kt of fiducial
mass each. The expected total power is 1.56 × 1022 POT to
be delivered within 2.5 yrs of neutrino mode and 7.5 yrs of
antineutrino mode in order to obtain a similar number of
both neutrino types. The new design includes improvements
in the detector systems and particle identification that are still
in development. For simplicity, we take similar capability as
the T2K experiment and will assume a 5% (10%) of signal
(background) normalization error. The first data taking is
expected to start with one tank in 2026 and the second tank
in 2032.

In order to perform simulation of any neutrino exper-
iment, the experimental collaboration uses Monte Carlo
Methods, which can be performed through several event
generators like GENIE [76], FLUKA [77], and many others.
See PDG [78] for a review. Such technique requires an
enormous computational power and detector knowledge,
as it relies on the simulation of each individual neutrino
interaction and how its products evolve inside of the detector.
A simpler, but faster, simulation can be accomplished by using
a semianalytic calculation of the event rate integral [79]:

𝑁�푖 (]�훽 → ]�훼)
= ∫�퐸𝑖+Δ�퐸𝑖/2
�퐸𝑖−Δ�퐸𝑖/2

𝐾]𝛼 (𝐸, 𝐸�耠) 𝜙]𝛽 (𝐸) 𝑃�훽�훼 (𝐸) 𝜎 (𝐸) 𝑑𝐸 𝑑𝐸�耠. (1)

𝑁�푖 is the number of detected neutrinos with energy between𝐸�푖−Δ𝐸�푖/2 and𝐸�푖+Δ𝐸�푖/2.𝜙]𝛽(𝐸) describes the flux of neutrino
]�훽 arriving at the detector. 𝑃�훽�훼 is the oscillation probability
and 𝜎(𝐸) the detection cross section of the detection reaction.𝐾]𝛼 (𝐸, 𝐸�耠), also known as migration matrix, describes
how the detector interprets 𝛼 neutrino with energy 𝐸 being
detected at energy 𝐸�耠 and summarizes the effect of the Monte
Carlo simulation of the detector into a single function. A
perfect neutrino detector is described by a delta function,
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Table 2:Description of the possible hypothesis taken to generate the
numerical analysis. Here, Standard-3] means standard 3 neutrino
oscillation.

Cases pseudo-data Null Hypothesis Test Hypothesis
General 𝑀�푖 𝑀1 𝑀2
I Standard-3] Standard-3] NewModel
II NewModel Standard-3] NewModel
III Standard-3] NewModel Standard-3]
IV NewModel NewModel Standard-3]

𝐾]𝛼(𝐸, 𝐸�耠) = 𝛿(𝐸 − 𝐸�耠), while a more realistic simulation can
use a Gaussian function:

𝐾]𝛼 (𝐸, 𝐸�耠) = 𝑒−(�퐸−�퐸)2/2�훿�퐸2√2𝜋𝛿𝐸 , (2)

where 𝛿𝐸 parametrizes the error in the neutrino energy
detection or amigration matrix provided by the experimental
collaboration.

The public available software GLoBES [79, 80] follows
this approach and is commonly used to perform numerical
simulation of neutrino experiments. There is also another
tool, the NuPro package [81] that will be publicly released
soon. All the simulations in this manuscript are performed
using GLoBES.

3. Statistical Analysis and Probing Models:
A Brief Discussion

We are interested in a rule to distinguish between two
neutrino oscillation models that can modify the spectrum of
detected neutrinos in a long-baseline neutrino experiment.
From the experimental point of view, one may apply a
statistical analysis to quantitatively decide between two (or
more) distinct hypotheses given a set of data points𝐻real.

Each model (𝑀�푖) will define a probability distribution
function (p.d.f.), 𝑓(𝑡 | 𝑀�푖), where the statistic test function𝑡 depends on the real data points and the model parameters𝜃�푖, 𝑖 = 1, 2, . . .. The best fit of a model is defined as the values
of the model parameters that maximize the p.d.f. function:𝑓0(𝑀�푖) = max[𝑓(𝐻real, 𝜃1�푖 | 𝑀�푖)]. Thus, one can reject model𝑀2, over model𝑀1 by some certain confidence level 𝑛 if𝑓0 (𝑀2)𝑓0 (𝑀1) ≤ 𝐶�푛. (3)

𝐶�푛 is a constant that depends on the probability test, the
number of parameters, and the confidence level 𝑛.

From the theoretical point of view, the real data points
were not yet measured; this means that in order to find
the expected experimental sensitivity we need to produce
pseudo-data points 𝐻real by adding an extra assumption
on which model is generating the yet-to-be-measured data
points. That means there are various ways of obtaining
sensitivity curves; each of them is described in Table 2.

Although one can always generate the pseudo-data points
using any desired model at any point in its parameter space,
the usual approach is to assume that the data points are

Table 3: Current best fit values of Standard-3] as given by [82].
Notice that Normal Hierarchy is assumed.

parameter value errorΔ𝑚221/10−5 7.56 eV2 (19)Δ𝑚231/10−3 2.55 eV2 (4)
sin2𝜃12 0.321 (18)
sin2𝜃13 0.02155 (90)
sin2𝜃23 0.430 (20)𝛿CP/𝜋 1.40 (31)
generated by the standard 3 neutrino oscillation (Standard-
3]) model with parameters given by current best fit values.
We will use this approach in the work. Current best fit values
are described in Table 3 and were taken from [82].

3.1. Frequentist Analysis. The chi-square test [78, 83, 84] is
the most common statistical analysis chosen to test the com-
patibility between the experimental data and the expected
outcome of a given neutrino experiment. It is based on the
construction of a Gaussian chi-squared estimator (𝜒2) so that𝑓(𝑡 | Model) = Ne−�휒

2/2.This means that the best fit values are
obtained by the set of values that globallyminimizes the func-
tion 𝜒2. For long-baseline neutrino oscillation experiments
the chi-square function can be divided into three factors:𝜒2 = 𝜒2data + 𝜒2sys + 𝜒2prior , (4)

where 𝜒2data in the simplest case reduces to Poissonian Pear-
son’s statistic

𝜒2data = �푁∑
�푖

[[[𝑁
obs
�푖 − (1 − 𝑎)𝑁�푠�푖 − (1 − 𝑏)𝑁�푏�푖√𝑁obs

�푖

]]]
2 . (5)

𝑁obs
�푖 is the number of observed neutrinos in the bin 𝑖 =1, 2, 3 ⋅ ⋅ ⋅ 𝑁. It represents the pseudo-data points generated

by a given model. 𝑁�푠�푖 (𝑁�푏�푖 ) is the signal (background)
observed neutrino as expected by a given model and depends
on the model parameters. 𝜒2sys comprises the experimental
uncertainties and systematics. For 𝜒2 in (5), it is given by

𝜒2sys = ( 𝑎𝜎�푎)2 + ( 𝑏𝜎�푏)2 . (6)

Here, 𝜎�푎 (𝜎�푏) is the total normalization error in the signal
(background) flux. Finally, 𝜒2prior contains all the prior infor-
mation one wishes to include in themodel parameters. In this
work we will assume 𝜒2prior = 0 unless stated otherwise.

The exponential nature of the chi-squared estimator
makes it straightforward to find the confidence levels for the
model parameters. It suffices to define the functionΔ𝜒2 = 𝜒2min (𝜃�푖 | 𝑀2) − 𝜒2min (𝑀1) , (7)

where 𝜒2min(𝑀1) is the chi-squared function assuming model𝑀1 calculated in its best fit and 𝜒2min(𝜃�푖 | 𝑀2) is the chi-
squared function assuming model 𝑀2 minimized over all
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the desired free parameters. Thus, the confidence levels are
obtained by finding the solutions ofΔ𝜒2 ≤ 𝐴�푛. (8)𝜃�푖 are all the fixed parameters of model 𝑀2 and 𝐴�푛 are the
constants that define the probability cuts and depend on the
number of parameters in 𝜒2(𝜃�푖 | 𝑀2) and the confidence
probability. For 𝑛𝜎 intervals and one parameter, 𝐴�푛 = 𝑛2.

Notice that Δ𝜒2 is in fact a function of the parameters one
assumes to generate the pseudo-data points, which we call
True Values and denote as 𝜃�푖(True), and the parameters of the
model we wish to test, which we call Test Values and denote
as 𝜃�푖(Test).
4. Measurement of Oscillation Parameters in
Long-Baseline Experiments

The main goal of long-baseline experiments is to measure
with high precision the two most unknown oscillation
parameters: the CP phase and the atmospheric mixing angle𝜃23 through the measurement of the neutrino/antineutrino
]�휇 → ]�휇 survival and ]�휇 → ]�푒 transition of neutrinos
from the beamline. Many authors studied the power of long-
baseline experiments to obtain the neutrino mixing param-
eters [85–93]. Particularly, only the transition is sensitive to𝛿CP and described, to first order in matter effects, by the
probability function below.𝑃 (]�휇 → ]�푒) = 4𝑐213𝑠213𝑠223sin2Δ 31+ 8𝑐213𝑠12𝑠13𝑠23 (𝑐12𝑐23 cos 𝛿CP − 𝑠12𝑠13𝑠23) cosΔ 32⋅ cosΔ 31 cosΔ 21 − 8𝑐213𝑐12𝑐23𝑠12𝑠13𝑠23 sin 𝛿CP sinΔ 32⋅ sinΔ 31 sinΔ 21 + 4𝑠212𝑐213 (𝑐212𝑐223 + 𝑠212𝑠223𝑠213− 2𝑐12𝑐23𝑠12𝑠23𝑠13 cos 𝛿CP) sin2Δ 21 − 8𝑐213𝑠213𝑠223⋅ 𝑎𝐿4𝐸 (1 − 2 sin213) cosΔ 32 sinΔ 31 + 8𝑐213𝑠213𝑠223⋅ 𝑎Δ𝑚231 (1 − 2 sin213) sin2Δ 31 ,

(9)

where 𝑐�푖�푗 = cos 𝜃�푖�푗, 𝑠�푖�푗 = sin 𝜃�푖�푗, Δ �푖�푗 = Δ𝑚2�푖�푗𝐿/4𝐸, and𝑎 = 2√2𝐺F𝑛�푒𝐸.𝐺F is the Fermi constant and 𝑛�푒 is the electron
density in the medium. 𝐸 is the neutrino energy and 𝐿 is
the baseline of the experiment and they are chosen to obey𝐿/𝐸 ∼ 500 in order to enhance the effect of the CP phase.
The antineutrino probability is obtained by changing 𝑎 → −𝑎
and 𝛿CP → −𝛿CP. Thus, the difference between neutrino and
antineutrino comes from matter effects and the CP phase. It
turns out that the T2HK is the most sensitivity to 𝛿CP as it
has a bigger statistic and lower matter effect and can reach8𝜎 difference between CP conservation and maximal CP-
nonconservation [73], in contrast with DUNE’s 5.5𝜎 [68]. In
Figure 1 we plotted the expected allowed regions of 𝜃23(test)
versus 𝛿CP(test) at 3𝜎 for each experiment. We assumed the
true value of the parameters as those given in Table 3. The
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Figure 1: Expected sensitivity regions of sin2𝜃23(test) versus𝛿CP(test) assuming as the true and test model the Standard-3]
paradigm for the three long-baseline detectors discussed: (1) T2K
(green), (2) NO]A (blue), (3) DUNE (red), and (4) T2HK (cyan).
The black curve is current 90% CL and the black point is the current
best fit given in Table 3. Notice that within this assumptions the
octant would remain unresolved even at 3𝜎 CL.
black region is the current 90% CL region and the black
points are the best fit points. T2HK is the most sensitive
experiment in reconstructing both parameters, followed by
DUNE. NO]A and T2K are the first experiments to measure
a difference between matter and antimatter in the leptonic
sector but cannot measure the CP phase with more than
3𝜎. Notice that the experiments cannot discover the correct
octant of 𝜃23 at 3𝜎; that is, they cannot tell if 𝜃23 > 𝜋/4
(High Octant) or 𝜃23 < 𝜋/4 (Lower Octant) unless they are
supplemented by an external prior.This effect is independent
of the value of 𝜃23 as can be observed in Figure 2(a) where we
plotted the reconstruction of 𝜃23(test) given a fixed true value
of 𝜃23(true) of each experiment. The black line corresponds
to current best fit and the gray area is the 1𝜎 region. The 𝑥-
like pattern of the region shows that given any true value
of 𝜃23 there is 3𝜎 region in the correct octant and in the
wrong octant. Nevertheless, the octant can be obtained if
one incorporates a prior to the 𝜃13 angle [94–98] and future
prospects on the measurement of 𝜃13 by reactor experiments
will allow both DUNE and T2HK tomeasure the octant if the
atmospheric angle is not all inside the region 0.47 < sin2𝜃23 <0.53 [99].

For completeness, we show in Figure 2(a) the reconstruc-
tion of the 𝛿CP(test) given a fixed true value of 𝛿CP(true). The
black line represents current best fit and the gray area shows
the 1𝜎 region. We do not show the plots for NO]A or T2K as
they cannot reconstruct the CP phase at 3𝜎. The sensitivity is
a little bit worse around maximum CP violation 𝛿CP = 𝜋/2 or
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Figure 2: (a) and (b) correspond to the expected reconstruction of the oscillation parameter 𝜃23(𝛿CP). The black line indicates the best fit
value given in Table 3 and the gray area corresponds to its 1𝜎 region. The colored areas represent the regions that the experiments cannot
distinguish within more than 3𝜎 for (1) T2K (green), (2)NO]A (blue), (3)DUNE (red), and (4) T2HK (cyan). In (b) we did not include T2K
or NO]A as they cannot reconstruct the CP phase with more than 3𝜎.
3𝜋/2 but in general it does not change much when one varies𝛿CP(true).
5. 𝜃23 and 𝛿�퐶�푃 Correlation and Probing Models

In spite of being with relatively low energy (<few GeV),
neutrino experiments can be a tool to probe high energy
physics. Many neutrino mass models predict relations such
as neutrino mass sum rules [41, 100–106] that can be probed
in neutrinoless double beta decay [107] and relations among
the neutrino mixing parameters. To name but a few examples
we cite [42–44, 108]. They can be put to test by a scan of the
parameter space much like what was done by the LHC in
search for new physics. Thus, inspired by the precision power
of future long-baseline neutrino experiments, it was shown
in [54] that models that predict a sharp correlation between
the atmospheric angle and the CP phase can be used to put
stringent bounds on parameters of such models.

In general, a predictive neutrino mass model M is
constructed by imposing a symmetry on the Lagrangian and
can be parametrized by a set of free parameters 𝜙�푖, 𝑖 =1, 2, . . . , 𝑁, which can be translated into the usual neutrino
mixing parameters from the neutrino mass matrix; that is,𝜃�푗�푘 ≡ 𝜃�푗�푘 (𝜙�푖) ,𝛿CP ≡ 𝛿CP (𝜙�푖) . (10)

Because of the symmetry on the Lagrangian, not all possible
mass matrices are allowed to be generated and the free
parameters 𝜙�푖 may not span the entire space of the mixing

parameters 𝜃�푖�푗 and 𝛿CP. Thus, in principle, it is possible
to probe or even exclude a model if the real best fit falls
into a region that the model M cannot predict. As an
example, in Figure 3 we plot the allowed parameter space
of two discrete symmetry based models, the Warped Flavor
Symmetry (WFS)model [45] (a) and theRevamped𝐴4 Babu-
Ma-Valle (BMV) model [109] (b). The black curves represent
currently unconstrained (Standard-3]) 90% CL regions for
the neutrino parameters and the black point shows the best
fit value, while the blue region represents the 3𝜎 allowed
parameter space of the two models. Notice that even for the
3𝜎 range the model can only accommodate a much smaller
region than the unconstrained one. This is a reflex of the
symmetries forced upon those models by construction; in
WFS a maximal CP phase implies 𝜃23 = 𝜋/4, and the smaller
theCP violation is, the farther away from𝜋/4 the atmospheric
angle is, while in BMV a maximal CP phase implies a Lower
Octant atmospheric mixing and it cannot fit a |𝜃23 − 𝜋/4| >0.02𝜋.

By using this approach, a full scan of the parameter space
was performed for those two models, in [55] for the WFS
model and in [56] for the Revamped 𝐴4 model.

We show in Figure 4 an updated version of their results.
The colored regions represent regions of the parameter space
in which the model cannot be excluded with more than 3𝜎
for DUNE (red) and T2HK (cyan) experiment; both T2K and
NO]A cannot probe the CP phase with more than 3𝜎; thus,
they cannot exclude the model alone.

This means that if future long-baseline experiments
measure a specific combination of 𝛿CP and 𝜃23 as its best fit
that does not fall into the colored regions, they may be able
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Figure 3: In blue are possible parameter values allowed by the two benchmarkmodels:Warped Flavor Symmetry (a) andRevamped𝐴4-BMV
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Figure 4: Expected sensitivity regions at which DUNE (Red) or T2HK (Cyan) would not exclude the WFS model (a) and the Revamped
BMVmodel (b) at 3𝜎 confidence level.The black contours correspond to 90% CL of current global fit [82].
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to exclude the model. Therefore, those kinds of analysis are
guidelines to decide which model can or cannot be tested
given the future results of DUNE and T2HK and are worth
performing in anymodel that contains predictive correlations
among the CP phase and the atmospheric mixing, like [42–
44, 110] and many others. It is also worth mentioning that
combination of long-baselinemeasurements and reactors can
greatly improve the sensitivity of the analysis.

6. 𝜃13 and the Atmospheric Octant

The analysis in the last section can be extended to include
another type of correlation that tries to explain the smallness
of the reactor angle 𝜃13 ∼ 𝑂(10∘). A general approach
common inmany models [46–53] imposes a given symmetry
on the mass matrix that predicts 𝜃13 = 0, which is later
spontaneously broken to give a small correction 𝛿𝜃13 ∼𝑂(10∘) to the reactor angle. It turns out that in order to
generate nonzero 𝜃13 one automatically generates corrections
to other mixing angles 𝛿𝜃�푖�푗 ̸= 0.

This can be easily observed by considering a toy model
that predicts the tri-bimaximal mixing matrix:

𝑈PMNS = 𝑈TBM =((
(

√23 √13 0√13 −√13 √12−√13 √13 √12
))
)

. (11)

Any consistent small correction to the mixing matrix should
maintain its unitary character. Particularly, we can set a
correction in the 2-3 planes via the matrix

𝛿𝑈23 = (1 0 00 1 𝛿𝜃0 −𝛿𝜃 1 ) . (12)

Notice that 𝛿𝑈23 ⋅ 𝛿𝑈†23 = 1+𝑂(𝛿𝜃2). If we change the mixing
matrix (notice that the correction 𝛿𝑈23 ⋅𝑈TBM cannot produce
a nonzero 𝜃13) by 𝑈PMNS = 𝑈TBM → 𝑈TBM ⋅ 𝛿𝑈23 then 𝜃13 =(1/√3)|𝜋/4 − 𝜃23|. The general case can be described by an
initial mixing matrix 𝑈PMNS = 𝑈0 that is later corrected by a
rotation matrix 𝑈�푖�푗:𝑈PMNS = 𝑈0 →𝑈PMNS = 𝑈�푖�푗 ⋅ 𝑈0 or 𝑈0 ⋅ 𝑈�푖�푗 (13)

All the possible combinations of corrections from tri-
bimaximal, bimaximal, and democratic mixing were con-
sidered in [111]. Particularly, one can investigate a general
correlation of 𝜃13 to the nonmaximality of the atmospheric
angle: 𝜃13 = 𝐹 (𝛿𝜃23) , (14)

Table 4: Summary of models containing reactor and atmospheric
angle correlation. All the possible combinations of corrections from
tri-bimaximal, bimaximal, and democratic mixing were considered
in [111].

Model 𝑓 𝜃013 [rad]
[53] √2 0
[50, 51] 0.35 [0, 0.35]
[49] 0.1 or 10 0.62
[52] 1/𝜃0 [−1, 1]𝑈13 ⋅ 𝑈TBM 6.3 0𝑈12 ⋅ 𝑈TBM 6.3 0𝑈TBM ⋅ 𝑈23 1/√3 0𝑈BM ⋅ 𝑈23𝑈13 1/2 0𝑈TBM ⋅ 𝑈23𝑈12 2 0.157𝑈TBM ⋅ 𝑈23𝑈13 1/√2 0𝑈TBM ⋅ 𝑈13𝑈12 2/√2 0𝑈BM ⋅ 𝑈13𝑈12 √3/2 0𝑈BM ⋅ 𝑈23𝑈12 √3/2 0𝑈BM ⋅ 𝑈23𝑈13 1/2 0

where 𝐹 is a function of the correction 𝛿𝜃23 = |𝜋/4 − 𝜃23|.
Long-baseline experiments alone are not too sensitive to
changes in the reactor angle; nevertheless, it was shown in
[112] that it is possible to use such correlation to probe the
parameter space of such models by combining long-baseline
and reactor experiments.

This can be accomplished in a model-independent
approach by series expanding (14):

𝜃13 = 𝑓 (0) + 𝑓�耠 (0) 𝜋4 − 𝜃23 ≡ 𝜃013 + 𝑓 𝜋4 − 𝜃23 . (15)

This encompasses both the uncorrelated (Standard-3]) case
if one sets 𝑓 = 0 and assumes 𝜃013 as a free parameter and the
small correction case by setting 𝜃013 = 0 and 𝑓 ̸= 0. In Table 4
we present many models that contain this kind of correlation
and their possible parameters values for 𝑓 and 𝜃013.

In Figure 6 we update the potential exclusion regions
where models of the form 𝜃013 = 0 can be excluded for each
value of sin2𝜃23(true) at 3𝜎 by DUNE + reactors and T2HK
+ reactors. The true value of 𝜃13 is set to the central value
of Table 3 and its error is assumed to be 3%. The colored
regions represent the regions that cannot be excluded with
more than 3𝜎. There we can see that models that contain
strong correlations (𝑓 > 1.9) or weak correlations (𝑓 < 0.8)
can be excluded from any set of atmospheric angles.

The general case for any 𝜃013 is presented in Figure 6(a)
for DUNE and for T2HK in Figure 6(b) for three values of
sin2𝜃23: 0.43 (green), 0.5 (cyan), and 0.6 (red). The region
shrinks greatly as the true value of the atmospheric angle goes
away from the maximal mixing 𝜃23(true) = 𝜋/4.
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7. Going Beyond Flavor Models

Albeit flavor symmetry models are very common in the liter-
ature, mixing angles correlations are by nomeans exclusive to
this class. Since long-baseline experiments are sensitive to the
most unknown leptonic parameters, the possibility of using
such correlations was studied not only in long-baseline but
also in any neutrino experiment. The most common class is
high energy model containing Nonstandard Interactions [1–
14]; in particular, any model that produces nonstandard 4-
point Fermi interaction between electron and the neutrinos
can, in principle, be probed by experiments that contain
matter interactions, as well as studies in specialmixingmatrix
ansatz such as Golden Ratio and other symmetries [41, 47,
91, 111, 113–118]. Moreover, one can find assumptions on
neutrino mass sum rules that can be tested [104–106, 119] and
generalizedCP symmetry schemes [120–125]. General class of
models such as grand unifying theories (GUT) and large extra
dimensions (LED) was studied in [126–128]. Cosmology can
also present ways of testing predictive neutrino mass models
in leptogenesis [129] and even baryogenesis [130].

8. Summary

The state of the art of long-baseline neutrino oscillation
experiments is T2(H)K, NO], and DUNE. They will be
capable of reaching very good precision in the reactor and

atmospheric mixing angle and will measure for the first time
the CP violation phase. This will create an opportunity to put
at test a plethora of neutrino mass models that predict values
and correlations among the parameters of the PMNS matrix
[54–56, 110, 131, 132].

Herewe briefly discuss the fitting approach that quantifies
the ability of long-baseline experiments to exclude predictive
high energy models. Two types of correlations can be used:
The 𝜃23-𝛿CP correlation is found in many models containing
a variety of symmetries [42–45]. Nevertheless, each model
in the market may contain a different correlation, and most
models are still in need to be analyzed. On the other hand,
the 𝜃13-𝜃23 correlation can only be probed by combining
long-baseline with reactor experiments, as the former are
not sensible enough to 𝜃13 variations. However, we can
take a model-independent approach [112] that covers most
models that try to explain the smallness of the 𝜃13 angle
trough an spontaneous symmetry breaking [46–53]. We
present a set of Figures 4, 5, and 6 containing the potential
exclusion regions of each model here analyzed that can be
used as a benchmark when the future experiments start to
run.
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Figure 6: General parameter space regions that cannot be distinguished from the unconstrained relation hypothesis at more than 3𝜎 by
future long-baseline neutrino oscillation experiments in combination with reactor measurements as a function of the two parameters of (15):𝜃013 and 𝑓. The analysis assumed the central value of the reactor angle as the best fit given in Table 3 and three values for the atmospheric
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Acknowledgments

Pedro Pasquini was supported by FAPESPGrants 2014/05133-
1, 2015/16809-9, and 2014/19164-6 and FAEPEX Grant no.
2391/17 and, also, by the APS-SBF collaboration scholarship.

References

[1] M. M. Guzzo, A. Masiero, and S. T. Petcov, “On the MSW effect
with massless neutrinos and no mixing in the vacuum,” Physics
Letters B, vol. 260, no. 1-2, pp. 154–160, 1991.

[2] A. Bolanos, O. G. Miranda, A. Palazzo, M. A. Tortola, and J. W.
F. Valle, “Probing nonstandard neutrino-electron interactions
with solar and reactor neutrinos,” Physical Review D: Particles,
Fields, Gravitation and Cosmology, vol. 79, no. 11, Article ID
113012, 2009.

[3] Y. Farzan and M. Tortola, “Neutrino oscillations and Non-
Standard Interactions,” 2017, https://arxiv.org/abs/1710.09360.

[4] M. Ghosh and O. Yasuda, “Testing NSI suggested by the solar
neutrino tension in T2HKK andDUNE,” 2017, https://arxiv.org/
abs/1709.08264.

[5] J. Tang and Y. Zhang, “Study of non-standard charged-
current interactions at the MOMENT experiment,” 2017,
https://arxiv.org/abs/1705.09500.

[6] J. Liao, D. Marfatia, and K. Whisnant, “Nonstandard neutrino
interactions at DUNE, T2HK and T2HKK,” Journal of High
Energy Physics, vol. 71, 2017.

[7] Y. Farzan, “Viable models for large non-standard neutrino
interactions,” in Proceedings of the 18th International Workshop
on Neutrino Factories, Superbeams, Beta beams (NuFact 2016),
7 pages, Quy Nhon, Vietnam, 2016, https://arxiv.org/abs/1612
.04971.

[8] M. Blennow, P. Coloma, E. Fernandez-Martinez, J. Hernandez-
Garcia, and J. Lopez-Pavon, “Non-unitarity, sterile neutrinos,
andnon-standard neutrino interactions,” Journal ofHigh Energy
Physics, vol. 2017, no. 4, 2017.

[9] D. V. Forero and W. C. Huang, “Sizable NSI from the SU(2)�퐿
scalar doublet-singlet mixing and the implications in DUNE,”
Journal of High Energy Physics, vol. 2017, article 018, no. 3, 2017.

[10] S. F. Ge and A. Y. Smirnov, “Non-standard interactions and
the CP phase measurements in neutrino oscillations at low
energies,” Journal of High Energy Physics, vol. 2016, no. 10, 2016.

[11] M.Masud and P. Mehta, “Nonstandard interactions and resolv-
ing the ordering of neutrino masses at DUNE and other
long baseline experiments,” Physical Review D: Particles, Fields,
Gravitation, and Cosmology, vol. 94, no. 5, Article ID 053007,
2016.

[12] P. Coloma and T. Schwetz, “Erratum: Generalized mass order-
ing degeneracy in neutrino oscillation experiments [Phys. Rev.
D 94, 055005 (2016)],” Physical Review D: Particles, Fields,
Gravitation, and Cosmology, vol. 95, no. 7, Article ID 079903,
2017.
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W. F. Valle, “Probing CP violation with non-unitary mixing in
long-baseline neutrino oscillation experiments: DUNEas a case
study,” New Journal of Physics, vol. 19, no. 9, Article ID 093005,
2017.
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[44] S. Centelles Chuliá, R. Srivastava, and J. W. Valle, “Generalized
bottom-tau unification, neutrino oscillations and dark matter:
Predictions from a lepton quarticity flavor approach,” Physics
Letters B, vol. 773, pp. 26–33, 2017.

[45] P. Chen, G. Ding, A. D. Rojas, C. A. Vaquera-Araujo, and J.
W. Valle, “Warped flavor symmetry predictions for neutrino
physics,” Journal of High Energy Physics, vol. 2016, no. 1, 2016.

[46] D. A. Dicus, S. F. Ge, and W. W. Repko, “Generalized hidden
Z2 symmetry of neutrino mixing,” Physical Review D: Particles,
Fields, Gravitation and Cosmology, vol. 83, no. 9, Article ID
093007, 2011.

[47] M. Sruthilaya, C. Soumya, K. N. Deepthi, and R. Mohanta,
“Predicting leptonic CP phase by considering deviations in
charged lepton and neutrino sectors,” New Journal of Physics,
vol. 17, no. 8, Article ID 083028, 2015.

[48] A. Dev, P. Ramadevi, and S. U. Sankar, “Non-zero 𝜃13 and 𝛿�퐶�푃
in a neutrino mass model with A4 symmetry,” Journal of High
Energy Physics, vol. 2015, article 034, no. 11, pp. 1–15, 2015.

[49] G. N. Li and X. G. He, “CP violation in neutrino mixing with 𝛿
= −𝜋/2 in A4 Type-II seesaw model,” Physics Letters B, vol. 750,
pp. 620–626, 2015.

[50] D. N. Dinh, N. A. Ky, P. Q. Văn, and N. T. H. Vân, “A see-
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Since 2013, the LHCb collaboration has reported on the measurement of several observables associated with 𝑏 → 𝑠 transitions,
finding various deviations from their predicted values in the Standard Model. These include a set of deviations in branching ratios
and angular observables, as well as in the observables 𝑅�퐾 and 𝑅�퐾∗ , specially built to test the possible violation of Lepton Flavor
Universality. Even though these tantalizing hints are not conclusive yet, the 𝑏 → 𝑠 anomalies have gained considerable attention in
the flavor community. Here we review new physics models that address these anomalies and explore their possible connection to
the dark matter of the Universe. After discussing some of the ideas introduced in these works and classifying the proposed models,
two selected examples are presented in detail in order to illustrate the potential interplay between these two areas of current particle
physics.

1. Introduction

The Standard Model (SM) of particle physics provides an
excellent description for a vast amount of phenomena and
can be regarded as one of the most successful scientific
theories ever built. In fact, with the recent discovery of the
last missing piece, the Higgs boson, the particle spectrum
is finally complete and the SM looks stronger than ever.
However, and despite its enormous success, there are several
indications that clearly point towards the existence of a
more complete theory, with neutrino masses and the baryon
asymmetry of the Universe as the most prominent examples.

Another open question is the nature of the dark matter
(DM) that accounts for 27% of the energy density of the
Universe [1]. Several ideas have been proposed to address this
fundamental problem in current physics. Under the hypoth-
esis that the DM is composed of particles, these cannot be
identified with any of the states in the SM, hence demanding
an extension of the model with new states and, possibly,
new dynamics. Again, many directions exist. Interestingly,
in scenarios involving New Physics (NP) at the TeV scale,
the first signals from the new DM sector might be found in
experiments not specially designed to look for them.

Rare decays stand among the most powerful tests of the
SM. Since 2013, results obtained by the LHCb collaboration

have led to an increasing interest in B physics, particularly in
processes involving 𝑏 → 𝑠 transitions. Deviations from the
SM expectations have been reported in several observables,
some of them hinting at the violation of Lepton Flavor Uni-
versality (LFU), a central feature in the SM.Even though these
anomalies could be caused by a combination of unfortunate
fluctuations and, perhaps, a poor theoretical understanding
of some processes, it is tempting to speculate about their
possible origin in terms of NP models, in particular models
linking them to other open problems.

This minireview will pursue this goal, focusing on NP
scenarios that relate the 𝑏 → 𝑠 anomalies to DM. Several
works [2–20] have already explored this connection, mostly
by means of specific models that accommodate the obser-
vations in 𝑏 → 𝑠 transitions with a new dark sector. We
will review some of the ideas introduced in these works and
highlight those that deserve further exploration. We will also
classify the proposed models into two general categories: (i)
models in which the NP contributions to 𝑏 → 𝑠 transitions
and DM production in the early Universe share a common
mediator, and (ii) models with the DM particle running in
loop diagrams that contribute to the solution of the 𝑏 → 𝑠
anomalies. After a general discussion, a selected example of
each class will be presented in detail.
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The rest of the manuscript is organized as follows. First,
we review the anomalies in 𝑏 → 𝑠 transitions in Section 2 and
interpret the experimental results in a model independent
way in Section 3. In Section 4 we discuss and classify the
proposed New Physics explanations to these anomalies that
involve a link to the dark matter problem. Sections 5 and
6 present two simple example models that illustrate this
connection. Finally, we summarize and draw our conclusions
in Section 7.

2. Experimental Situation

We begin by discussing the present experimental situation.
The observed anomalies in 𝑏 → 𝑠 transitions can be classified
into two classes: (1) branching ratios and angular observables
and (2) lepton flavor universality violating (LFUV) anoma-
lies. Although they might be related (and caused by the same
NP), they are conceptually different.

Branching Ratios and Angular Observables. using state-of-
the-art computations of the hadronic form factors involved,
one can compute branching ratios and angular observables
for 𝑏 → 𝑠 processes such as 𝐵 → 𝐾∗ℓ+ℓ− and look for
deviations from the SM predictions. For the comparison
to be meaningful, one must have a good knowledge of
all possible Quantum ChromoDynamics (QCD) effects that
might pollute the theoretical calculation and we currently
have at our disposal several methods to minimize or at
least estimate the uncertainties. (The size of the hadronic
uncertainties in different calculations is amatter of hot debate
nowadays. We will not discuss this issue here but just refer
to the recent studies regarding form factors [21, 22] and
nonlocal contributions [23–28] for extended discussions.) In
particular, a basis of optimized observables for the decay𝐵 → 𝐾∗𝜇+𝜇−, specially designed to reduce the hadronic
uncertainties, was introduced in [29]. In 2013, the LHCb
collaboration published results on these observables using
their 1fb−1 dataset, finding a 3.7𝜎 deviation between themea-
surement and the SMprediction for the𝑃�耠5 angular observable
in one dimuon invariant mass bin [30]. A systematic deficit
with respect to the SM predictions in the branching ratios
of several processes, mainly 𝐵�푠 → 𝜙𝜇+𝜇−, was also reported
by LHCb [31]. These discrepancies have been found later in
other datasets. In 2015, LHCb confirmed these anomalies
using their full Run 1 dataset with 3 fb−1 [32, 33], whereas
in 2016 the Belle collaboration presented an independent
measurement of𝑃�耠5, compatible with the LHCb result [34, 35].
More recently, both ATLAS [36] and CMS [37] have also
presented preliminary results on the 𝐵 → 𝐾∗𝜇+𝜇− angular
observables, with relatively good agreement with LHCb.

LFUV Anomalies. One of the central features of the SM is
that gauge bosons coupled with the same strength to all
three families of leptons. This prediction can be tested by
measuring observables such as the𝑅�퐾(∗) ratios, defined as [38]

𝑅�퐾(∗) = Γ (𝐵 → 𝐾(∗)𝜇+𝜇−)
Γ (𝐵 → 𝐾(∗)𝑒+𝑒−) , (1)

measured in specific dilepton invariant mass squared ranges𝑞2 ∈ [𝑞2min, 𝑞2max]. In the SM, these ratios should be very
approximately equal to one. Furthermore, hadronic uncer-
tainties are expected to cancel very good approximation in
these ratios, which implies that, in contrast to the previous
class of anomalies, deviations in these observables cannot be
explained by uncontrolled QCD effects and would be a clear
indication of NP at work. For this reason, they are sometimes
referred to as clean observables. Interestingly, in 2014, the
LHCb collaboration measured 𝑅�퐾 in the region [1, 6] GeV2
[39], finding a value significantly lower than one, while in
2017 similarmeasurements of the𝑅�퐾∗ ratio in two 𝑞2 bins [40]
were also found to depart from their SM expected values:

𝑅�퐾 = 0.745+0.090−0.074 ± 0.036, 𝑞2 ∈ [1, 6] GeV2,
𝑅�퐾∗ = 0.660+0.110−0.070 ± 0.024, 𝑞2 ∈ [0.045, 1.1] GeV2,
𝑅�퐾∗ = 0.685+0.113−0.069 ± 0.047, 𝑞2 ∈ [1.1, 6.0] GeV2.

(2)

The comparison between these experimental results and the
SM predictions [41, 42],

𝑅SM
�퐾 = 1.00 ± 0.01, 𝑞2 ∈ [1, 6] GeV2,
𝑅SM
�퐾∗ = 0.92 ± 0.02, 𝑞2 ∈ [0.045, 1.1] GeV2,
𝑅SM
�퐾∗ = 1.00 ± 0.01, 𝑞2 ∈ [1.1, 6.0] GeV2,

(3)

shows deviations from the SM at the 2.6𝜎 level in the case
of 𝑅�퐾, 2.2𝜎 for 𝑅�퐾∗ in the low-𝑞2 region, and 2.4𝜎 for 𝑅�퐾∗
in the central-𝑞2 region. Finally, Belle has recently measured
the LFUV observable 𝑄5 = 𝑃�휇�耠5 − 𝑃�푒�耠5 , with the observable
𝑃�푒�耠5 defined for 𝐵 → 𝐾∗𝑒+𝑒− analogously to 𝑃�휇�耠5 ≡ 𝑃�耠5 for𝐵 → 𝐾∗𝜇+𝜇− [43]. The result, although statistically not very
significant, also points towards the violation of LFU [35].

Summarizing, there are at present two sets of experimen-
tal anomalies in processes involving 𝑏 → 𝑠 transitions at the
quark level. While the relevance of the first set is currently a
matter of discussion due to the possibility of unknown QCD
effects faking the deviations from the SM, the second can only
be explained by NP violating LFU. In principle, these two
classes of anomalies can be completely unrelated but, as we
will see in the next section, global analyses of all experimental
data in 𝑏 → 𝑠 transitions indicate that a common explanation
(in terms of a single effective operator) can address both sets
in a satisfactory and economical way. This intriguing result
has made the 𝑏 → 𝑠 anomalies a topic of great interest
currently.

Finally, it is very interesting to note the existence of an
independent set of anomalies in 𝑏 → 𝑐 transitions. Several
experimental measurements of the ratios 𝑅(𝐷) and 𝑅(𝐷∗)
have been found to depart from their SM predictions, with a
global discrepancy at the∼ 4𝜎 level [44]. Recently, the𝑅(𝐽/𝜓)
ratio has also been measured by the LHCb collaboration,
finding again a deviation from the SM expected value [45].
Compared to the 𝑏 → 𝑠 anomalies, the 𝑏 → 𝑐 anomalies are
of a different nature and, if real, they could have a completely
different origin. For instance, they would involve a new
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charged current, instead of a neutral one, hence requiring the
new mediators to be much lighter to be able to compete with
the SM𝑊 boson tree-level exchange. However, many authors
have proposed models that can simultaneously address both
sets of anomalies. We refer to [46] for a general discussion on
combined explanations and ignore the 𝑏 → 𝑐 anomalies for
the rest of this paper.

3. Model Independent Interpretation

The experimental tensions discussed in the previous section
must be properly quantified and interpreted. Quantifica-
tion is crucial to determine whether the anomalies can be
explained by fluctuations in the data or they truly indicate
a statistically significant deviation from the SM. Assuming
that these tensions are caused by genuine NP, the ultimate
goal is to construct a specific model in which they are
solved. However, the first step in this direction must be a
model independent interpretation of the experimental data
in order to identify the ingredients that this new scenario
must include.This is achieved by adopting an approach based
on effective operators, valid under the assumption that all
NP degrees of freedom lie at energies well above the relevant
energy scales for the observables of interest.

The effective Hamiltonian for 𝑏 → 𝑠 transitions is usually
written as

Heff = −4𝐺�퐹√2 𝑉�푡�푏𝑉
∗
�푡�푠

𝑒2
16𝜋2∑�푖 (𝐶�푖O�푖 + 𝐶

�耠
�푖O
�耠
�푖) + h.c.. (4)

Here𝐺�퐹 is the Fermi constant, 𝑒 the electric charge, and𝑉 the
Cabibbo-Kobayashi-Maskawa (CKM) matrix. O�푖 and O�耠�푖 are
the effective operators that contribute to 𝑏 → 𝑠 transitions,
and 𝐶�푖 and 𝐶�耠�푖 their Wilson coefficients. The most relevant
operators for the interpretation of the 𝑏 → 𝑠 anomalies are

O9 = (𝑠𝛾�휇𝑃�퐿𝑏) (ℓ𝛾�휇ℓ) ,
O
�耠
9 = (𝑠𝛾�휇𝑃�푅𝑏) (ℓ𝛾�휇ℓ) ,

(5)

O10 = (𝑠𝛾�휇𝑃�퐿𝑏) (ℓ𝛾�휇𝛾5ℓ) ,
O
�耠
10 = (𝑠𝛾�휇𝑃�푅𝑏) (ℓ𝛾�휇𝛾5ℓ) .

(6)

Here ℓ = 𝑒, 𝜇, 𝜏. In fact, the operators andWilson coefficients
carry flavor indices and we are omitting them to simplify the
notation. When necessary, we will denote a particular lepton
flavor with a superscript, e.g., 𝐶�휇9 and O

�휇
9 , for muons. It is

also convenient to split the Wilson coefficients in two pieces:
the SM contributions and the NP contributions, defining the
following (similar splittings could be defined for the Wilson
coefficients of the primed operators, 𝐶�耠9 and 𝐶�耠10, but in this
case the SM contributions are suppressed and one has 𝐶�耠9 ≃𝐶�耠NP
9 and 𝐶�耠10 ≃ 𝐶�耠NP

10 ):

𝐶9 = 𝐶SM
9 + 𝐶NP

9 , (7)

𝐶10 = 𝐶SM
10 + 𝐶NP

10 . (8)

The SM contributions have been computed at NNLO at 𝜇�푏 =4.8GeV, obtaining 𝐶SM
9 (𝜇�푏) = 4.07 and 𝐶SM

10 (𝜇�푏) = −4.31 (see
[29] and references therein), leaving the NP contributions
as parameters to be determined (or at least constrained) by
using experimental data.

It is in principle possible to derive limits for the NP con-
tributions considering each observable independently, but
this approach would completely miss the global picture. The
effective operators in (4) contribute to several observables
and one expects the presence of NP to be revealed by a
pattern of deviations from the SM expectations, rather than
by a single anomaly. For this reason, global fits constitute
the best approach to analyze the available experimental data.
Interestingly, several independent fits [47–54] have found
a remarkable tension between the SM and experimental
data on 𝑏 → 𝑠 transitions which is clearly reduced with
the addition of NP contributions. Although the numerical
details (such as statistical significance) differ among different
analyses, there is a general consensus on the following
qualitative results:

(i) Global fits improve substantially with a negative
contribution in 𝐶�휇,NP

9 , with 𝐶�휇,NP
9 ∼ −25% × 𝐶�휇,SM9 ,

leading to a total Wilson coefficient 𝐶�휇9 significantly
smaller than the one in the SM.

(ii) NP contributions in otherWilson coefficients can also
improve the fit, but only in a subdominant way. For
instance, the anomalies can also be accommodated in
scenarios with 𝐶�휇,NP

9 = −𝐶�휇,NP
10 or 𝐶�휇,NP

9 = −𝐶�耠�휇,NP
9 ,

without a clear statistical preference with respect to
the scenario with NP only in 𝐶�휇9 . (Such patterns for
the Wilson coefficients are automatically obtained if
the NP states coupled to SM fermions with specific
chiralities. For instance, the relation 𝐶�휇,NP

9 = −𝐶�휇,NP
10

is obtained inmodels where the NP states only couple
to the left-handed muons. Two examples of this class
of models are shown in Sections 5 and 6.)

(iii) Other operators involving muons are perfectly com-
patible with their SM values. Similarly, no NP is
required for operators involving electrons or tau
leptons.

Armed with these results, model builders can construct
specific models where all requirements are met and the
anomalies explained. Similarly, one can extract interesting
implications for model building by explaining the anomalies
in terms of gauge invariant effective operators; see [55] for
a recent analysis. Either way, the resulting profile of NP
contributions reveals a pattern that was not predicted by any
theoretical framework, such as supersymmetry, and many
new models have been put forward. In the next Section we
will discuss some of these models, in particular those linking
the 𝑏 → 𝑠 anomalies to dark matter.

4. Linking the 𝑏 → 𝑠 Anomalies to Dark Matter

After discussing the current experimental situation in 𝑏 →𝑠 transitions, let us focus on possible connections to the
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dark matter problem.These have been explored in [2–20]. In
general, the proposed models that solve the 𝑏 → 𝑠 anomalies
and explain the origin of the dark matter of the Universe can
be classified into two principal categories:

(i) Portalmodels:models inwhich themediator respon-
sible for the NP contributions to 𝑏 → 𝑠 transitions
also mediates the DM production in the early Uni-
verse.

(ii) Loop models: models that induce the required NP
contributions to 𝑏 → 𝑠 transitions with loops
containing the DM particle.

In the case of portalmodels, the usual scenario considers
a 𝑈(1) gauge extension of the SM that leads to the existence
of a new massive gauge boson after spontaneous symmetry
breaking. The resulting 𝑍�耠 boson induces a new neutral
current contribution in 𝑏 → 𝑠 transitions and mediates
the production of DM particles in the early Universe via
a 𝑍�耠 portal interaction. This setup was first considered in
[2]. In this particular realization of the general idea, the SM
fermions were assumed to be neutral under the new 𝑈(1)�푋
gauge symmetry and the 𝑍�耠 couplings to quarks (𝑏𝑠) and
leptons (𝜇+𝜇−), necessary to explain the 𝑏 → 𝑠 anomalies,
are generated at tree-level via mixing with new vector-like
(VL) fermions. Additionally, the𝑍�耠 boson also couples to the
scalar field 𝜒, the DM candidate in this model, automatically
stabilized by an remnant Z2 symmetry after 𝑈(1)�푋 breaking.
This model will be reviewed in more detail in Section 5.
Variants of this setup with fermionic DM also exist. In [6],
a horizontal 𝑈(1)�퐵1+�퐵2−2�퐵3 gauge symmetry is introduced,
with 𝐵�푖 being the baryon number of the ith fermion family.
The resulting 𝑍�耠 boson couples directly to the SM quarks,
while the coupling to muons is obtained by introducing a VL
lepton. This allows accommodating the anomalies in 𝑏 → 𝑠
transitions. Furthermore, the model also contains a Dirac
fermion that is stable due to a remnant Z2 symmetry, in a
similar fashion as in [2], which becomes the DM candidate.
Similarly, [7] builds on the well-known 𝑈(1)�퐿𝜇−�퐿𝜏 model of
[56] and extends it to include a stable Dirac fermion with
a relic density also determined by 𝑍�耠 portal interactions,
while [20] considers a similar model but makes use of
kinetic mixing between the 𝑍�耠 and the SM neutral gauge
bosons. Reference [19] considers vector-like neutrino DM
in a setup analogous to [2] extended with additional VL
fermions. Reference [10] explored a pair of scenarios based on
a𝑈(1) gauge symmetry supplemented with VL fermions and
a fermionic DM candidate, of Dirac or Majorana nature.This
paper focuses on effects in indirect detection experiments,
aiming at an explanation of the excess of events in antiproton
spectra reported by the AMS-02 experiment in 2016 [57].
Other works that adopt the standard 𝑍�耠 portal setup are
[4, 12]. Finally, [11] considers a light mediator (not the usual
heavy 𝑍�耠) that contributes to 𝑏 → 𝑠 transitions and decays
predominantly into invisible final states, possibly made of
light DM particles.

It is important to note that the phenomenology of these𝑍�耠 portal models differs substantially from the standard𝑍�耠 portal phenomenology. This is due to the fact that the

𝑍�耠 bosons in these models couple with different strengths
to different fermion families, as required to accommodate
the LFUV hints observed by the LHCb collaboration (𝑅�퐾
and 𝑅�퐾∗). For instance, DM annihilation typically yields
muon and tau lepton pairs, but not electrons and positrons.
Direct detection experiments are alsomore challenging in the
standard𝑍�耠 portal scenario, since the DM candidate typically
does not couple to first generation quarks, more abundant in
the nucleons.

In what concerns loop models, many variations are
possible. To the best of our knowledge, the first model of
this type that appeared in the literature is [13], based on
previous work on loop models for the 𝑏 → 𝑠 anomalies,
without connecting to the DM problem, in [58, 59]. In this
model the SM particle content is extended with two VL
pairs of 𝑆𝑈(2)�퐿 doublets, with the same quantum numbers
as the SM quark and lepton doublets, but charged under a
global𝑈(1)�푋 symmetry.Themodel also contains the complex
scalar 𝑋, singlet under the SM gauge symmetry and also
charged under 𝑈(1)�푋. With these states, one can draw a 1-
loop diagram contributing to the 𝑏 → 𝑠 observables relevant
to explaining the anomalies. Furthermore, if the global𝑈(1)�푋
is conserved, the lightest𝑈(1)�푋-charged state becomes stable.
In this work, this state is assumed to be 𝑋, hence the DM
candidate in themodel. Amore detailed discussion about this
model can be found in Section 6. Two similar setups can be
found in [18], where a different set of global symmetries are
considered (𝑈(1) × Z2 and 𝑈(1) × Z3) in order to stabilize a
scalar DM candidate. This paper also includes right-handed
neutrinos in order to accommodate nonzero neutrinomasses
with the type-I seesaw mechanism and explores the lepton
flavor violating phenomenology of the model in detail. A
Majorana fermionic DM candidate was considered in [16].
Similarly to the previously mentioned models, this scenario
also addresses the 𝑏 → 𝑠 anomalies at 1-loop level introducing
a minimal number of fields: just a VL quark (Ψ) and an inert
scalar doublet (Φ), in addition to the fermion singlet that
constitutes the DM candidate. The model is supplemented
with a discreteZ2 symmetry to ensure the stability of the DM
particle. Interestingly, the model can be tested in direct DM
detection experiments as well as at the LargeHadronCollider
(LHC), where the states Ψ and Φ can be pair-produced and
lead to final states with hard leptons and missing energy.
Finally, an extended loop model for the 𝑏 → 𝑠 anomalies,
which also has an additional 𝑈(1) gauge symmetry, contains
a scalar DM candidate and explains neutrino masses that can
be found in [17].

Finally, let us comment on other models and works that
do not easily fit within any of the two categories mentioned
above. The model in [3] is very similar to the model in [2].
It also extends the SM with a complex scalar, VL quarks, and
leptons and a new 𝑈(1)�푋 gauge symmetry that breaks down
to aZ2 parity. However, the VL leptons carry different𝑈(1)�푋
charges, leading to a loop-induced 𝑍�耠𝜇+𝜇− coupling. This
changes theDMphenomenology dramatically.The dominant
mechanism for the DM production in the early Universe is
not a 𝑍�耠 portal interaction, but t-channel exchange of VL
leptons. The model in [9] can be regarded as a hybridmodel,
with features from both portal and loop models. The SM
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symmetry group is extended with a new 𝑈(1)�휇−�휏 × Z2 piece.
The first factor leads to the existence of a massive 𝑍�耠 boson
while the second one stabilizes a scalar DM candidate. The𝑍�耠𝑏𝑠 coupling is generated with a loop containing the Z2-
odd fields and the dominant DM production mechanism is a
𝑍�耠 portal interaction, mainly with leptons.The𝑍�耠𝑏𝑠 coupling
is also loop-generated in [14], but in this case production
of DM particles takes place via a Higgs portal. Reference
[8] proposes an extended Scotogenic model for neutrino
masses [60] supplemented with a nonuniversal 𝑈(1) gauge
group. The DM candidate in this case is the lightest fermion
singlet and is produced by Yukawa interactions. Finally, two
models that address the 𝑏 → 𝑠 anomalies with leptoquarks
and include DM candidates were introduced in [5, 15]. In
the former the DM candidate is a component of an 𝑆𝑈(2)�퐿
multiplet introduced to enhance the diphoton rate of a scalar
in the model, whereas in the latter the DM candidate is a
baryon-like composite state in a model with strong dynamics
at the TeV scale.

Having reviewed and classified the proposed models, we
now proceed to discuss in some detail two specific examples.
These illustrate the main features of portal and loop models.

5. An Example Portal Model

Wewill now review themodel introduced in [2], arguably one
of the simplest scenarios to account for the 𝑏 → 𝑠 anomalies
with a dark sector. Some of the ingredients of this model were
already present in the model of [56], which is extended in the
quark sector (following the same lines as in the lepton sector).
It also includes a dark matter candidate that couples to the
SM fields via the same mediator that leads to an explanation
of the 𝑏 → 𝑠 anomalies, a heavy 𝑍�耠 boson. A variation
of this scenario with a loop-induced coupling to muons
appeared afterwards in [3], whereas the phenomenology of
an extension to account for neutrinomasses will be discussed
in [61].

The model extends the SM gauge group with a new dark𝑈(1)�푋 factor, under which all the SM particles are assumed to
be singlets. The dark sector contains two pairs of vector-like
fermions, 𝑄 and 𝐿, as well as the complex scalar fields, 𝜙 and𝜒. Tables 1 and 2 show all the details about the gauge sector
and the new scalars and fermions in the model.𝑄 and 𝐿 have
the same representation under the SM gauge group as the SM
doublets 𝑞 and ℓ, and they can be decomposed under 𝑆𝑈(2)�퐿
as

𝑄�퐿,�푅 = (𝑈𝐷)
�퐿,�푅

,

𝐿�퐿,�푅 = (𝑁𝐸)
�퐿,�푅

,
(9)

With the electric charges of𝑈,𝐷,𝑁, and 𝐸 being +2/3, −1/3,0, and −1, respectively. In contrast to their SM counterparts,𝑄 and 𝐿 are vector-like fermions charged under the dark

Table 1: Gauge sector of the model of [2].

Field Group Coupling
𝐵 𝑈(1)�푌 𝑔1𝑊 𝑆𝑈(2)�퐿 𝑔2𝑔 𝑆𝑈(3)�푐 𝑔3𝐵�푋 𝑈(1)�푋 𝑔�푋

Table 2: New scalars and fermions in the model of [2].

Field Spin 𝑆𝑈(3)�푐 × 𝑆𝑈(2)�퐿 × 𝑈(1)�푌 × 𝑈(1)�푋𝜙 0 (1, 1, 0, 2)
𝜒 0 (1, 1, 0, −1)
𝑄�퐿,�푅 1

2 (3, 2, 16 , 2)
𝐿�퐿,�푅 1

2 (1, 2, − 12 , 2)

𝑈(1)�푋. In addition to the usual canonical kinetic terms, the
new vector-like fermions 𝑄 and 𝐿 have Dirac mass terms,

L�푚 = 𝑚�푄𝑄𝑄 + 𝑚�퐿𝐿𝐿, (10)

as well as Yukawa couplings with the SMdoublets 𝑞 and ℓ and
the scalar 𝜙,

L�푌 = 𝜆�푄𝑄�푅𝜙𝑞�퐿 + 𝜆�퐿𝐿�푅𝜙ℓ�퐿 + h.c., (11)

where 𝜆�푄 and 𝜆�퐿 are 3 component vectors. The scalar
potential of the model can be split into different pieces,

V =VSM +V (𝐻, 𝜙, 𝜒) +V (𝜙, 𝜒) . (12)

VSM is the usual SM scalar potential containing quadratic
and quartic terms for the Higgs doublet 𝐻. The new terms
involving the scalars 𝜙 and 𝜒 are

V (𝐻, 𝜙, 𝜒) = 𝜆�퐻�휙 |𝐻|2 𝜙2 + 𝜆�퐻�휒 |𝐻|2 𝜒2 (13)

and

V (𝜙, 𝜒) = 𝑚2�휙 𝜙2 + 𝑚2�휒 𝜒2 + 𝜆�휙2 𝜙
4 + 𝜆�휒2 𝜒

4

+ 𝜆�휙�휒 𝜙2 𝜒2 + (𝜇𝜙𝜒2 + h.c.) .
(14)

All 𝜆�푖 couplings are dimensionless, whereas 𝜇 has dimensions
of mass and 𝑚2�휙 and 𝑚2�휒 have dimensions of mass2. We will
assume that the scalar potential parameters allow for the
vacuum configuration

⟨𝐻0⟩ = V
√2,

⟨𝜙⟩ = V�휙
√2,

(15)

where 𝐻0 is the neutral component of the Higgs doublet 𝐻.
The scalar 𝜒 does not get a vacuum expectation value (VEV).
Therefore, the scalar 𝜙will be responsible for the spontaneous
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breaking of 𝑈(1)�푋. This automatically leads to the existence
of a new massive gauge boson, the 𝑍�耠 boson, with mass𝑚�푍 = 2𝑔�푋V�휙. In the absence of mixing between the 𝑈(1)
gauge bosons, the𝑍�耠 boson can be identifiedwith the original𝐵�푋 boson in Table 1. We note that a Lagrangian term of the
form L ⊃ 𝜀𝐹�푌�휇]𝐹�휇]�푋 , where 𝐹�푋,�푌�휇] are the usual field strength
tensors for the 𝑈(1)�푋,�푌 groups, would induce this mixing. In
order to avoid phenomenological difficulties associated with
this mixing we will assume that 𝜀 ≪ 1. Moreover, it can be
shown that loop contributions to this mixing are kept under
control if𝑚�푄 ≃ 𝑚�퐿 [2].

Let us now discuss how this model solves the 𝑏 → 𝑠
anomalies. After the spontaneous breaking of 𝑈(1)�푋, the
Yukawa interactions in (11) lead to mixings between the
vector-like fermions and their SM counterparts. This mixing
results in 𝑍�耠 effective couplings to the SM fermions. If these
are parametrized as [62, 63]

L ⊃ 𝑓�푖𝛾�휇 (Δ�푓𝑖�푓𝑗�퐿 𝑃�퐿 + Δ�푓𝑖�푓𝑗�푅 𝑃�푅)𝑓�푗𝑍�耠�휇, (16)

and one assumes 𝜆�푑�푄 = 𝜆�푒�퐿 = 𝜆�휏�퐿 = 0 for the sake of simplicity,
the𝑍�耠 couplings to 𝑏𝑠 and 𝜇+𝜇−, necessary to solve the 𝑏 → 𝑠
anomalies, are found to be

Δ�푏�푠�퐿 = 2𝑔�푋𝜆�푏�푄𝜆�푠∗�푄 V2�휙
2𝑚2�푄 + (𝜆�푠�푄2 + 𝜆�푏�푄2) V2�휙

,

Δ�휇�휇�퐿 = 2𝑔�푋 𝜆�휇�퐿2 V2�휙
2𝑚2�퐿 + 𝜆�휇�퐿2 V2�휙

.
(17)

These couplings induce a tree-level contribution to the
semileptonic four-fermion operators in (5) and (6), as shown
schematically in Figure 1. More specifically, given that the
SM fermions participating in the effective vertices are left-
handed, see (11), the operators O9 and O10 are generated
simultaneously, with [63]

𝐶�휇,NP
9 = −𝐶�휇,NP

10 = −Δ�푏�푠�퐿Δ
�휇�휇
�퐿𝑉�푡�푏𝑉∗�푡�푠 (

Λ V𝑚�푍 )
2 , (18)

where we have introduced

Λ V = ( 𝜋
√2𝐺�퐹𝛼)

1/2

≃ 4.94TeV, (19)

with 𝛼 = 𝑒2/4𝜋 being the electromagnetic fine structure
constant.Λ V and the CKMelements appear in (18) in order to
normalize theWilson coefficients as defined in (5) and (6). By
taking proper ranges for the model parameters, the required
values for these Wilson coefficients, previously identified by
the global fits to flavor data, can be easily obtained.

Finally, we move to the discussion on the Dark Matter
phenomenology of the model. We note that the model does
not include any ad hoc stabilizing symmetry for the DM
candidate 𝜒. However, this state is perfectly stable. This is
due to the fact that the continuous 𝑈(1)�푋 symmetry leaves

Q L

bL

sL

L

L

Z

⟨⟩ ⟨⟩

⟨⟩ ⟨⟩

Figure 1: Generation of O9 and O10 in the model of [2]. The mixing
between the SM fermions and the vector-like ones induces semi-
Leptonic four-fermion interactions.

Z





q, 

q, 

Q, L
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Figure 2: DM production via the 𝑍�耠 portal in the model of [2]. We
notice that the vertex on the left of the diagram also participates in
the explanation of the 𝑏 → 𝑠 anomalies (see Figure 1).

a remnantZ2 parity, under which 𝜒 is odd, after spontaneous
symmetry breaking [64–66]. Therefore, the same symmetry
that leads to the dynamics behind the 𝑏 → 𝑠 anomalies
is also at the origin of the DM stabilization mechanism.
Furthermore, the DM production in the early Universe can
take place via 2 ↔ 2 processesmediated by the𝑍�耠 boson, thus
establishing another link with the 𝑏 → 𝑠 anomalies. Indeed,
purely gauge interactions open a 𝑍�耠 portal that induces
𝐹𝐹 ↔ 𝜒𝜒∗ annihilation processes, with 𝐹 = 𝑞, ℓ, 𝑄, 𝐿,
as shown in Figure 2. (Another possibility is the so-called
Higgs portal, activated in this model with the scalar potential
term 𝜆�퐻�휒|𝐻|2|𝜒|2, which induces 𝐻𝐻† ↔ 𝜒𝜒∗ processes.
This DM production mechanism will be subdominant for
sufficiently small 𝜆�퐻�휒). We notice that these processes match
those in Figure 1 if one trades one of the fermion pairs for𝜒𝜒∗. Therefore, one can establish an interplay between flavor
and DM physics in this scenario. Figure 3 illustrates this
connection displaying contours for constant log(ΩDMℎ2) (the
DM relic density) and the ratio 𝐶�휇,NP

9 /𝐶�휇,SM9 in the (𝑔�푋, 𝑚�푍)
plane. This figure has been obtained with fixed 𝜆�푏�푄 = 𝜆�푠�푄 =0.025, 𝜆�휇�퐿 = 0.5, 𝑚�푄 = 𝑚�퐿 = 1TeV, and 𝑚2�휒 = 1TeV2.
The calculation of the flavor observables has been performed
with FlavorKit [67], whereas the DM relic density has been
evaluatedwith MicrOmegas [68].We see that there is a region
in parameter space, with moderately large 𝑔�푋 ≃ 0.3, where
the observed DM relic density can be reproduced and a ratio
𝐶�휇,NP
9 /𝐶�휇,SM9 in agreement with the global fits is obtained.
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Figure 3: Contours for constant 𝐶�휇,NP
9 /𝐶�휇,SM9 and log(ΩDMℎ2)

(dashed black) in the (𝑔�푋, 𝑚�푍 ) plane. For the ratio 𝐶�휇,NP
9 /𝐶�휇,SM9 the

full 1-loop results are shown via the black lines, while the dotted grey
lines give the values using the tree-level approximation. Red lines
indicate the preferred values for 𝐶�휇,NP

9 /𝐶�휇,SM9 and log(ΩDMℎ2) from
global fits and cosmological observations, respectively. Figure taken
from [2].

We also note that the DM relic density tends to be large. In
fact, in order to obtain a numerical value in the ballpark ofΩDMℎ2 ≃ 0.1 one has to be rather close to the resonant region
with𝑚�푍 ≃ 2𝑚�휒, which in this plot is located around𝑚�푍 = 2
TeV.

Besides flavor and DM physics, the model has rich
phenomenological prospects in other fronts. The new states
can be discovered at the LHC in large portions of the
parameter space. Although one typically assumes that the𝑍�耠 boson couples predominantly to the second- and third-
generation quarks (|𝜆�푑�푄| ≪ 1), the resulting suppressed
production cross-sections at the LHC can still be sufficient
for a discovery; see, for instance, [69]. Furthermore, the new
VL fermions can also be produced and detected. In particular,
the heavy VL quarks masses are already pushed beyond the
TeV scale due to their efficient production in 𝑝𝑝 collisions.
In what concerns direct and indirect DMdetection, scenarios
with a dark𝑍�耠 portal have been discussed in [70, 71]. Formore
details about thismodel, its predictions, and themost relevant
experimental constraints we refer to [2].

6. An Example Loop Model

We now turn our attention to the second class of models,
those that explain the 𝑏 → 𝑠 anomalies via loop diagrams
including DM particles. A simple but illustrative example of
this category is that presented in [13]. Previous work on loop
models for the b → 𝑠 anomalies, without connecting to the
DM problem, can be found in [58, 59].

Themodel introduces twoVL fermions,𝑄 and 𝐿, with the
same gauge quantum numbers as the SM quark and lepton
doublets, respectively. It also adds the complex scalar 𝑋, a
complete singlet under the SM gauge symmetry. The new
fields are charged under a global Abelian symmetry, 𝑈(1)�푋,
under which all SM fields are assumed to be singlets. As we
will see below, this particle content is sufficient to address the𝑏 → 𝑠 anomalies. Table 3 details the new fields and their
charges under the gauge and global symmetries of the model.

The VL fermions 𝑄 and 𝐿 can be decomposed as in
(9), with their 𝑆𝑈(2)�퐿 components having exactly the same
electric charges as in that case.Therefore, the sameDiracmass
terms as in (10) can be written. In addition, the symmetries
of the model allow for the Yukawa couplings with the SM
doublets 𝑞 and ℓ and the scalar𝑋

L�푌 = 𝜆�푄𝑄�푅𝑋𝑞�퐿 + 𝜆�퐿𝐿�푅𝑋ℓ�퐿 + h.c., (20)

where 𝜆�푄 and 𝜆�퐿 are 3 component vectors. The scalar
potential of the model contains the following terms:

V =VSM + 𝑚2�푋 |𝑋|2 + 𝜆�푋 |𝑋|4 + 𝜆�퐻 |𝐻|2 |𝑋|2 . (21)

All 𝜆�푖 couplings are dimensionless, whereas 𝑚2�푋 has dimen-
sions of mass2. In the following, possible effects due to the𝜆�퐻 coupling will be ignored, assuming 𝜆�퐻 ≪ 1. We will
also assume that the scalar potential parameters allow for a
vacuum configuration with ⟨𝑋⟩ = 0. In this case, the global𝑈(1)�푋 symmetry is conserved and the lightest state with
a nonvanishing charge under this symmetry is completely
stable. Moreover, we note that the conservation of 𝑈(1)�푋
prevents the VL fermions from mixing with the SM ones.

We move now to the solution of the 𝑏 → 𝑠 anomalies
in the context of this model. It is straightforward to check
that no NP contributions to 𝑏 → 𝑠 transitions are generated
at tree-level in this model. (For instance, in contrast to the
model discussed in Section 5, there is no SM-VL mixing,
nor a 𝑍�耠 boson that can mediate these transitions at tree-
level.) However, the semileptonic operators O9 and O10 are
generated at the 1-loop level as shown in Figure 4. This
diagram leads to

𝐶�휇,NP
9 = −𝐶�휇,NP

10

= 𝜆
�푏
�푄𝜆�푠∗�푄 𝜆�휇�퐿264𝜋2𝑉�푡�푏𝑉∗�푡�푠

Λ2V𝑚2�푄 − 𝑚2�퐿 [𝑓(
𝑚2�푋𝑚2�푄) − 𝑓(

𝑚2�푋𝑚2�퐿 )] ,
(22)

whereΛ V was introduced in (19) and𝑓(𝑥) is the loop function
𝑓 (𝑥) = 1

𝑥 − 1 −
ln𝑥

(𝑥 − 1)2 . (23)

This loop-level solution to the 𝑏 → 𝑠 anomalies
corresponds to scenario A-I, model class b), in [59]. Figure 5
shows that the model can accommodate the 𝑅�퐾 and 𝑅�퐾∗
measurements by the LHCb collaboration. This figure has
been obtained with fixed |𝜆�푏�푄𝜆�푠�푄| = 0.15, 𝑚�퐿 = 1TeV, and𝑚�푄 = 1.1TeV. One finds that the 1 and 2𝜎 regions for 𝑅�퐾 and𝑅�퐾∗ almost overlap, and thus they can be accommodated in
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Table 3: New scalars and fermions in the model of [13]. The 𝑈(1)�푋 symmetry is global.

Field Spin 𝑆𝑈(3)�푐 × 𝑆𝑈(2)�퐿 × 𝑈(1)�푌 𝑈(1)�푋𝑋 0 (1, 1, 0) −1
𝑄�퐿,�푅 1

2 (3, 2, 16 ) 1
𝐿�퐿,�푅 1

2 (1, 2, − 12 ) 1

X

Q L

X

bL

sL L

L

Figure 4: Generation of O9 and O10 in the model of [13]. Semi-
Leptonic four-fermion operators are generated at the 1-loop level.
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Figure 5: Required values for 𝜆�휇�퐿 (denoted as 𝜆�휇 in this figure) and𝑚�푋 to explain the observed values of 𝑅�퐾 and 𝑅�퐾∗ in the model of
[13]. This figure has been obtained with fixed |𝜆�푏�푄𝜆�푠�푄| = 0.15,𝑚�퐿 = 1
TeV, and 𝑚�푄 = 1.1TeV. The light (dark) red region corresponds to
the 𝑅�퐾 measurement at 1𝜎 (2𝜎), whereas the red lines indicate the
same regions for 𝑅�퐾∗ . The green region is excluded due to 𝐵�푠 − 𝐵�푠
mixing for 𝑚�푄 = 1.1TeV. The excluded region would extend up to
the dashed green line for𝑚�푄 = 1TeV. Figure taken from [13].

the same region of parameter space. Furthermore, in order to
be compatible with the bounds coming from 𝐵�푠 − 𝐵�푠 mixing
one needs |𝜆�푏�푄𝜆�푠�푄| ≪ 1, which implies a relatively large value
of |𝜆�휇�퐿|, |𝜆�휇�퐿| ≳ 2. This feature, a hierarchy between the NP
couplings to quarks and leptons, is shared by most models
addressing the 𝑏 → 𝑠 anomalies. For a general discussion
about the𝐵�푠−𝐵�푠mixing constraint in the context of the 𝑏 → 𝑠
anomalies we refer to [72].

Finally, let us discuss theDarkMatter phenomenology of
the model. As explained above, the global 𝑈(1)�푋 symmetry
is assumed to be conserved, and this implies that a stable
state must exist. Assuming that the lightest state charged
under 𝑈(1)�푋 is the neutral scalar 𝑋, it constitutes the DM
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Figure 6: Contours of constant 𝐶�휇,NP
9 in the 𝑚�퐿 − 𝑚�푋 plane for

the model of [13]. This figure has been obtained with fixed 𝜆�푏�푄 =𝜆�푠�푄 = √0.15 and 𝑚�푄 = 1.1TeV, choosing 𝜆�휇�퐿 in order to reproduce
the observed DM relic density. The colored regions are excluded by
various constraints: heavy quark and lepton searches at the LHC
(blue), 𝐵�푠−𝐵�푠mixing (green), and direct DMdetection experiments
(red).The grey regions are excluded due to perturbativity constraints
(dark grey region) or by demanding that 𝑋 is the lightest 𝑈(1)�푋-
charged state (light grey region). Future direct DM detection
prospects are also shown in this plot. Figure taken from [13].

candidate in themodel.One thenneeds to determinewhether
the observed DM relic density can be achieved in the region
of parameter space where the 𝑏 → 𝑠 anomalies are solved,
without conflict with other experimental constraints. This
is shown in Figure 6, where contours of 𝐶�휇,NP

9 are shown
in the 𝑚�퐿 − 𝑚�푋 plane. This figure has been obtained with
fixed 𝜆�푏�푄 = 𝜆�푠�푄 = √0.15 and 𝑚�푄 = 1.1 TeV. For each
parameter point, the value of 𝜆�휇�퐿 is chosen to reproduce
the observed DM relic density, which is calculated using
MicrOmegas [68]. Large values of |𝜆�휇�퐿| are obtained in this
way. For this reason, the most relevant DM annihilation
channels for the determination of the relic density with
these parameter values are 𝑋𝑋∗ ↔ 𝜇+𝜇−, ]]. Even though
the experimental constraints, in particular those from direct
LHC searches for extra quarks, reduce the allowed parameter
space substantially, one finds valid regions with𝐶�휇,NP

9 ∼ −0.3.
This value would explain the 𝑏 → 𝑠 anomalies at 2𝜎; see, for
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instance, [48]. Interestingly, the model is testable in future
direct DM detection experiments, such as XENON1T, as
shown in Figure 6. In the region of parameter space selected
for this figure, the dominant process leading to DM-nucleon
scattering is 1-loop photon exchange, with leptons running in
the loop.The loop suppression is compensated by the large 𝜆�휇�퐿
coupling.

The new states in this model can be discovered at the
LHC. For instance, the heavy VL charged lepton can be
produced in Drell-Yan processes. Due to the required large
values for the 𝜆�휇�퐿 coupling, this exotic state is expected to
decay mainly to a DM particle 𝑋 (invisible at the LHC)
and a muon. Since 𝑈(1)�푋 conservation requires the 𝑋
particles to be produced in pairs, the expected signature is the
observation of two energeticmuons and largemissing energy.
Similar events replacing the muons by jets (mainly 𝑏 jets) are
expected for the VL quarks. We conclude the discussion of
this model by referring for more details to the original work
in [13].

7. Summary and Discussion

In this minireview we have discussed New Physics models
that address the 𝑏 → 𝑠 anomalies and link them to the dark
matter of the Universe.The interplay between these two areas
of particle physics may offer novel model building directions
as well as additional phenomenological tests for the proposed
scenarios. We have shown that most of the proposed models
can be classified into two categories: (i) models in which the𝑏 → 𝑠 anomalies and the DM production mechanism share
a common mediator (such as a heavy 𝑍�耠 boson), and (ii)
models that induce the NP contributions to explain the 𝑏 → 𝑠
anomalies via loops including the DM particle.These generic
ideas have been illustrated with two particular realizations
(the models introduced in [2, 13]), which clearly show that
the combination of flavor physics and dark matter leads to
new scenarios with a rich phenomenology.

The introduction of a dark sector in a model for the 𝑏 →𝑠 anomalies can also have phenomenological consequences
besides the existence of a DM candidate. For instance, both
problems, the dark matter of the Universe and the 𝑏 →𝑠 anomalies, might be connected to another long-standing
question in particle physics: the muon anomalous magnetic
moment [4, 73–75]. Furthermore, it is interesting to note
that the introduction of dark matter in some models can
help alleviate some of the most stringent constraints. Indeed,
the LHC bounds on some mediators become weaker if they
have invisible decay channels [76]. We believe that this is a
promising line of research to be pursued in order to fully
assess the validity of some scenarios that are currently under
experimental tension.

We are living an exciting moment in flavor physics, with
several interesting anomalies in B-meson decays. Whether
real or not, only time can tell. New LHCb analyses based
on larger datasets are expected to appear in the near future,
possibly shedding new light on these anomalies. In the
longer term, fundamental contributions from the Belle II
experiment will also be crucial to settle the issue [77]. In the
meantime, an intense model building effort is opening new

avenues with rich phenomenological scenarios. The possible
connection to one of the central problems in current physics,
the nature of the darkmatter of theUniverse, would definitely
be a fascinating outcome of this endeavour.
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Thediscovery of neutrinomasses has raised the importance of studies in the context of neutrinoless double beta decay (0]𝛽𝛽), which
constitutes a landmark for lepton number violation (LNV). The standard interpretation is that the light massive neutrinos that we
observed oscillating in terrestrial experiments mediate double beta decay. In theminimal 3-3-1 model (3-3-1M), object of our study,
there is an additional contribution that stems from the mixing between a new charged vector boson, 𝑊�耠, and the Standard Model𝑊 boson. Even after setting this mixing to be very small, we show that tight constraints arise from the nonobservation of 0]𝛽𝛽.
Indeed, we derive bounds on the mass of the 𝑊�耠 gauge boson that might exceed those from collider probes and most importantly
push the scale of symmetry breaking beyond its validity, leading to an exclusion bound for the minimal 3-3-1 model.

1. Introduction

The Standard Model (SM) has thrived after a multitude of
precision tests at low and high energy scales [1]. However, the
existence of neutrino masses is one of the main motivations
for physics beyond the SM [2]. If neutrinos are majorana
particles, neutrinoless double beta decay (0]𝛽𝛽) should
occur. Double beta decay is the transition of a nucleus with
mass and atomic number 𝐴 and 𝑍 to a nucleus with 𝐴 and𝑍+ 2, accompanied by the emission of two electrons only. Its
possible discoverywill represent an irrefutable proof of lepton
number violation, LNV. The standard diagram that leads to
such lepton number violation process is exhibited in Figure 1.

At present, a lot of experiments using different isotopes
and techniques are operating or under development in the
search for neutrinoless double beta decay (see [3]). In this
work we investigate the implications of the nonobservation
of neutrinoless double beta decay in the context of 3-3-1
models [4–9]. 3-3-1 models are plausible extensions of the
SM where fermions are placed in the fundamental or adjoint
representation of 𝑆𝑈(3). Generally these models while being

consistent with colliders data [10, 11] nicely explain why we
have three fermion generations [5, 12, 13], accommodate
neutrino masses [14–16], and may feature several dark matter
candidates [17, 18] to the dark matter problem. Moreover,
they could also address low energy anomalies [19, 20] and
might feature interesting astrophysical [21, 22] and collider
phenomenology via the presence of exotic gauge bosons
which are popularly used in many different contexts [23,
24]. See [25–31] for many other exciting phenomenological
studies.

In this work, we focus our attention on the minimal 3-
3-1 model (3-3-1M), one of the possible versions of 3-3-1
models, in which the electric operator takes the form 𝑄 =𝑇3+𝛽𝑇8+𝑋 considering𝑇�푖 as 𝜆�푎/2 (Gell-Mannmatrices with𝑎 = 1, . . . , 8), 𝛽 = −√3 for 𝑆𝑈(3)�퐿 (see explanation below),
and 𝑋 as 𝑈(1)�푋 charge, where no new leptons are evoked
(right-handed neutrinos as well), thus featuring a minimal
fermion content. Since we are dealing with an extended
gauge group, there will be additional gauge bosons, one of
them being singly charged, 𝑊�耠, due to the chosen charge
operator parameter. This new gauge boson might induce the
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Figure 1: Canonical 0]𝛽𝛽 due to light massive neutrinos.

neutrinoless double beta decay if it mixes with the 𝑊 boson.
In order to successfully explain neutrinomasses in thismodel
without the use of nonrenormalizable operators [14], a scalar
sextet should be introduced [32, 33].This scalar sextet embeds
the scalar triplet model, often used in the context of neutrino
masses [34–37]. The first component of the scalar sextet is a
neutral field which is often assumed to yield a null vacuum
expectation value (vev). In this work we make assumption
otherwise. If such scalar acquires a nonvanishing vev then𝑊�耠
mixes with the SM𝑊 boson, giving rise to new contributions
to the neutrinoless double beta decay. This scenario has been
investigated before in the context of majoron in [38–41].
Here we revisit the implications in a more general setting in
perspective with other existing colliders constraints. We will
ignore contributions arising from the scalar fields because
they yield less restrictive bounds [39] and because a bound
on the 𝑊�耠 mass is already implied into a lower mass bound
on the entire particle spectrum of model, since the 𝑊�耠 mass
is directly connected to the scale of symmetry breaking of the
model. It is worthmentioning that in this work our parameter
space provides a very small𝑍−𝑍�耠 mixing and does not bring
relevant constraints coming from 𝑆𝑇𝑈 parameters [41, 42].

Wewill show that if𝑊�耠 does feature amixing with the SM𝑊 boson then limits stemming fromneutrinoless double beta
decay supersede LHC probes, highlighting the importance of
multiple new physics searches probes.

Thepaper is organized as follows: In Section 2we describe
the model and explain how the 𝑊�耠 − 𝑊 mass mixing can
be generated. In Section 3 we derive the contributions to
neutrinoless double beta decay. In Section 4 we draw our
conclusions.

2. The Model

In the minimal 3-3-1 model leptons are arranged as

𝐿ℓ = (]ℓℓℓ�푐)
�퐿

∼ (3, 0) , (1)

where ∼ represents the way the triplet transforms under𝑆𝑈(3)�퐿⊗𝑈(1)�푁, with ℓ = 𝑒, 𝜇, 𝜏, representing the three known
generations. Notice that the third component of the lepton

triplet is the right-handed lepton. The quarks are placed as
follows:

𝑄1�퐿 = (𝑢1𝑑1𝐽1)�퐿 ∼ (3, 23) ,
𝑄�푖�퐿 = ( 𝑑�푖−𝑢�푖𝐽�푖 )�퐿 ∼ (3, − 13) , 𝑖 = 2, 3. (2)

Here 𝑢�푎�퐿 and 𝑑�푎�퐿 (𝑎 = 1, 2, 3) correspond, respectively, to
flavors 𝑢, 𝑐, 𝑡 and 𝑑, 𝑠, 𝑏 of the Standard Model (SM) quarks.
The first generation transforms as a triplet, while the second
and third generations transform as antitriplets under 𝑆𝑈(3)�퐿.
In addition to the left-handed field we have right-handed
quarks as singlets under 𝑆𝑈(3)�퐿: 𝑢�푎�푅 ∼ (1, 2/3), 𝑑�푎�푅 ∼(1, −1/3), 𝐽1�푅 ∼ (1, 5/3), 𝐽�푖�푅 ∼ (1, −4/3), with 𝑎 = 1, 2, 3
and 𝑖 = 2, 3. 𝐽1 and 𝐽�푖 are exotic quarks predicted by the
model with electric charges of 5/3 and −4/3, respectively.
These exotic quarks are also known as leptoquarks in the
literature [43, 44].

The mass generation mechanism relies firstly on the
presence of three scalar triplets; namely,

𝜂 = (𝜂0𝜂−1𝜂+2),
𝜌 = ( 𝜌+𝜌0𝜌++),
𝜒 = ( 𝜒−𝜒−−𝜒0 ),

(3)

with them transforming as (3, 0), (3, 1), and (3, −1) under𝑆𝑈(3)�퐿 ⊗ 𝑈(1)�푁, respectively. These scalar triplets couple
with the fermions fields through the following Yukawa
Lagrangian:

−L�푌 = 12∑
ℓℓ

𝐺ℓℓ𝜖�푙�푚�푛 [(𝐿ℓ
�푙
)�푐𝐿ℓ�푚𝜂�푛] + 𝐺�푢1�푎𝑄1�퐿𝜂𝑢�푎�푅

+ 𝐺�푑1�푎𝑄1�퐿𝜌𝑑�푎�푅 + 𝐺�퐽111𝑄1�퐿𝜒𝐽1�푅 + 𝐺�푠2�푎𝑄2�퐿𝜂∗𝑑�푎�푅+ 𝐺�푐2�푎𝑄2�퐿𝜌∗𝑢�푎�푅 + 𝐺�퐽22�푖𝑄2�퐿𝜒∗𝐽�푖�푅+ 𝐺�푏3�푎𝑄3�퐿𝜂∗𝑑�푎�푅 + 𝐺�푡3�푎𝑄3�퐿𝜌∗𝑢�푎�푅+ 𝐺�퐽33�푖𝑄3�퐿𝜒∗𝐽�푖�푅 + h.c.,
(4)

with ℓ, ℓ�耠 = 𝑒, 𝜇, 𝜏. Equation (4) is sufficient to generate
masses to charged leptons and quarks but neutrinos remain
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massless. In order to obtain nonzero neutrinomasses, a scalar
sextet should be introduced:

𝑆 = ((
(

𝜎01 ℎ−2√2 ℎ+1√2ℎ−2√2 𝐻−−1 𝜎02√2ℎ+1√2 𝜎02√2 𝐻++2
))
)

∼ (6, 0) . (5)

The presence of such scalar sextet gives rise to the Yukawa
term,

L
�푆
�푌 = −12∑

ℓℓ

𝐺(𝐿ℓ)�푐𝑆∗𝐿ℓ , (6)

with 𝐿�푐 = 𝐶𝐿�푇, 𝐶 being the charge conjugate matrix.
Expanding (6) we have explicitly

L
�푆
�푌 ⊃ −12∑

ℓℓ

𝐺ℓℓ [(]ℓ�퐿)�푐]ℓ�퐿𝜎01 + (ℓ�퐿)�푐ℓ�耠�퐿𝐻++1
+ ℓ�푅 (ℓ�耠�푐)

�퐿
𝐻−−2 + ((ℓ�퐿)�푐]ℓ�퐿 + (]ℓ�퐿)�푐ℓ�耠�퐿) ℎ+2√2+ (ℓ�푅]ℓ�퐿 + (]ℓ�퐿)�푐 (ℓ�耠�푐)�퐿) ℎ−1√2+ (ℓ�푅ℓ�耠�퐿 + (ℓ�퐿)�푐 (ℓ�耠�푅)�푐) 𝜎02√2] + h.c.

(7)

Notice that a new contribution to the charged lepton
masses arises if V�휎2 ̸= 0. Moreover, neutrinos remainmassless
unless ⟨𝜎01⟩ ̸= 0. Typically, this scalar sextet is absent
in 3-3-1 studies, and consequently neutrino masses are not
addressed. In this work, we discuss a more general setting,
where the scalar sextet is present and V�휎1,2 ̸= 0. In this
setup, the spontaneous symmetry breaking occurs as follows:
firstly, 𝜒0 develops vev (V�휒), breaking 𝑆𝑈(3)�퐿 ⊗ 𝑈(1)�푁 into𝑆𝑈(2)�퐿 ⊗ 𝑈(1)�푌. Later 𝜌0 and 𝜂0 acquire a nonzero vev with
V�휌 ∼ V�휂, breaking 𝑆𝑈(2) ⊗ 𝑈(1)�푌 into 𝑈(1)�푄�퐸�퐷, that is, the
electromagnetism gauge group.

This symmetry breaking pattern generates mass to all SM
fermions and gauge bosons. We highlight that, due to the
enlarged gauge group, 3-3-1 models feature five new gauge
bosons. In the minimal 3-3-1 model they are identified as𝑊�耠±, 𝑈±±, and 𝑍�耠. An important result of the spontaneous
symmetry breaking is the rising of a mass mixing between
the 𝑊 and 𝑊�耠 bosons that yields the mass mixing matrix:

(𝑊+�휇 𝑊�耠+�휇 )( 𝑀2�푊 𝑀2�푊�푊𝑀2�푊�푊 𝑀2�푊 )(𝑊�휇−𝑊�耠�휇−) , (8)

where 𝑀2�푊�푊 = 𝑔22 (2V�휎1V�휎2) , (9)

𝑔 = 𝑒/𝑠�푊, and 𝑀2�푊 = 𝑔22 (V2�휂 + V2�휌 + V2�휎2 + V2�휎1) ,
𝑀2�푊 = 𝑔22 (V2�휂 + V2�휒 + V2�휎2 + V2�휎1) . (10)

If we take V�휎1,2 = 0, then 𝑀2�푊�푊 = 0, and consequently
V2�휂 + V2�휌 = V2, where V = 175GeV. In this way, the 𝑊 mass
is correctly obtained. After diagonalization we find two mass
eigenstates 𝑊+1 and 𝑊+2 with

𝑀�푊1,2 = 12 [(𝑀2�푊 + 𝑀2�푊)
± ((𝑀2�푊 − 𝑀2�푊)2 + 4𝑀4�푊�푊)1/2] , (11)

which are related to the mass eigenvectors via

(𝑊+𝑊�耠+) = (𝑐�휃 −𝑠�휃𝑠�휃 𝑐�휃 )(𝑊+1𝑊+2 ) , (12)

with

tan 2𝜃 = −2𝑀2�푊�푊(𝑀2�푊 − 𝑀2
�푊

) . (13)

Considering the limit 𝑀2�푊�푊 → 0, we get 𝑀�푊1 = 𝑀�푊
and 𝑀�푊2 = 𝑀�푊 . The charged currents associated with these
gauge bosons are

Lcc ⊃ 𝑔√2 [𝑢�퐿𝛾�휇𝑉�퐶�퐾�푀𝑑�퐿 − ]�퐿𝛾�휇 (𝑈]𝑉ℓ) 𝑙�퐿]𝑊+�휇+ 𝑔√2 [𝑙�푐�퐿𝛾�휇 (𝑉�푙𝑈†] ) ]�퐿]𝑊�耠+�휇 + h.c., (14)

where 𝑉�푙 and 𝑈] are the mixing matrices for the charged
leptons and neutrinos, with ]�퐿 = (]�푒�퐿, ]�휇�퐿, ]�휏�퐿) and 𝑙�퐿 =(𝑒�퐿, 𝜇�퐿, 𝜏�퐿). There is also a term involving the doubly charged
gauge boson, but it is not relevant for our reasoning [40].

We have gathered all ingredients to now discuss the
neutrinoless double beta decay in the minimal 3-3-1 model.

3. The Neutrinoless Double Beta Decay

Neutrinoless double beta decay is a landmark process in
particle physics. It is defined as the transition of a nucleus into
another nucleus with an atomic number larger by two units
and the emission of two electrons only:(𝐴, 𝑍) → (𝐴,𝑍 + 2) + 2𝑒−. (15)

Since there are no leptons in the initial state, but two in
the final state, the observation of neutrinoless double beta
decay constitutes an irrefutable proof that lepton number
is violated by nature. In the past decades, there has been a
substantial improvement on the bound over the half-life of
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Figure 2: Updated prediction on 𝑚�훽�훽 from neutrino oscillations as
a function of the lightest neutrino mass according to the current
neutrino data. In the figure, both normal and inverted hierarchy
schemes for neutrino masses are displayed. Figure taken from [45].
In the figure is also visible the current limit from KamLAND-Zen.

the neutrinoless double beta decay [45]. These bounds can
be later translated into upper limits on the effective majorana
mass defined as 𝑚�훽�훽 =  ∑

�푖=�푒,�휇,�휏

𝑈2�푒�푖𝑚]𝑖

 . (16)

The effective majorana mass term grows inversely with
the half-life. A stronger lower bound on the half-life of the
neutrinoless double beta decay implies a stronger bound on
the effectivemajoranamass term (see Figure 2).The strongest
bound today comes from KamLAND-Zen [46], 𝑡1/2 > 2.6 ×1025 yrs, implying that𝑚current

�훽�훽 < 0.15 eV. (17)

In the foreseeable future, CUORE is expected to achieve
130Te > 9.5 × 1025 yrs [45] which translates into𝑚CUORE

�훽�훽 < 0.073 eV. (18)

A projected limit further into the future with nEXO of𝑡1/2 > 1027 yrs for 136Xe is expected, which then would yield𝑚nEXO
�훽�훽 < 0.01 eV. (19)

Now from the current and projected experimental sensi-
tivity we will approach the theoretical aspects of this observ-
able. That said, the amplitude in Figure 1 is proportional to𝐴1 ∝ 𝑔4𝑚�훽�훽𝑀4�푊 ⟨𝑝2⟩𝑐4�휃 = 32𝐺2�퐹𝑚�훽�훽⟨𝑝2⟩ 𝑐4�휃 , (20)

where ⟨𝑝2⟩ is the average of the four-momentum transfer
squared, which is approximately (100MeV)2.

Moreover, one should observe that the amplitude for the
diagram in Figure 3 is proportional to𝐴2 ∝ 32𝐺2�퐹 ( 𝑀�푊𝑀�푊 )2 𝑐3�휃 𝑠�휃√⟨𝑝2⟩ . (21)

W
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Figure 3: Novel 331 contribution for double beta decay due to light
massive neutrinos.
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Figure 4: Temperature plot of the lowermass bound on the𝑊�耠mass
as function of 𝑚�훽�훽 and tan 𝜃. The black curve is drawn simply to
guide the eye and check that, indeed for tan 𝜃 ∼ 10−6 and 𝑚�훽�훽 ∼0.1 eV, we find the lower mass bound 𝑀�푊 ≳ 2.5TeV.

Bearing in mind that 𝜃 should be small in order not to
alter the SM 𝑊 properties, then 𝐴2/𝐴1 < 1. This results in𝐴2𝐴1 = ( 𝑀�푊𝑀�푊 )2 √⟨𝑝2⟩𝑚�훽�훽 tan 𝜃 < 1. (22)

Therefore we get the lower mass bound:

𝑀�푊 > 2.540TeV(0.1 eV𝑚�훽�훽 )1/2 × ( tan 𝜃10−6 )1/2 . (23)

In Figure 4 we exhibited this lowermass bound on the𝑊�耠
mass. It is quite visible that even for small tan 𝜃 the bound on𝑊�耠 is rather strong. It is important to make it clear that the
3-3-1M models give us other contributions beyond the one
depicted in Figure 3, as pointed out by [47], but they are of
much smaller intensity and therefore do not give new better
results.

However, equation (23) is not very useful to us because
the𝑊�耠 mass also appears in tan 𝜃. Therefore, these quantities
are not independent; they are strongly correlated. Bearing in
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Figure 5: Lower mass bound on the 𝑊�耠 mass from the nonobser-
vation of the neutrinoless double beta decay with different choices
for the vev of scalar field 𝜎1 which controls the parameter 𝑀2

�푊�푊
in

(24). The gray solid area denotes Landau pole upper limit [12, 50]
and light red denotes the KamLAND-Zen exclusion [46].

mind that we are working in the regimen where 𝜃 ≪ 1, then
tan 𝜃 ∼ 𝜃 and we can solve for 𝑀�푊 to find

𝑀�푊 > 50.4TeV(0.1 eV𝑚�훽�훽 )1/4 (𝑀2�푊�푊)1/4 . (24)

This equation can give rise to more robust bounds on the𝑊�耠mass since the parameters that go into it are the majorana
effective mass 𝑚�훽�훽 and 𝑀2�푊�푊 term, which depends on vevs
of the scalar fields 𝜎1 and 𝜎2. Since the Standard Model 𝑊
mass does not come mostly from vevs of these scalar fields as
long as they are much smaller than VSM, then our choices for
V�휎1 and V�휎2 are in principle completely arbitrary.

To have a clear vision of what (24) represents, we show
the lower mass bounds on the 𝑊�耠 mass in Figure 5. There
we select V�휎2 = 3GeV; larger values are ruled out by the𝜌-parameter [39, 48] and vary V�휎1. Notice that, depending
on the value adopted for V�휎1, neutrinoless double beta decay
might yield very strong constraints on the 𝑊�耠 mass. In
particular for 𝑚�훽�훽 ∼ 0.1 eV we get a lower mass bound on
the 𝑊�耠 mass that varies from 300GeV to about 9.5TeV. The
latter is achieved if V�휎1 = 10−3 GeV.

One shortcoming of our lower mass bound on the 𝑊�耠
mass is its dependence on the choice for vevs. Anyways, these
constitute an independent bound on the 𝑊�耠 mass which can
be much stronger than the limit on the 𝑊�耠 arising from
colliders searches. Notice that our𝑊�耠 does not couple only to
ordinary quarks; therefore it cannot be produced resonantly
at the LHC via s-channel processes. Nevertheless, one can
use LHC limits on the 𝑍�耠 mass to convert into a lower mass
limit on the 𝑊�耠 mass, since both masses are dictated by the
same quantity, V�휒, the scale of symmetry breaking of the 3-3-1
symmetry. Indeed one can find that𝑀�푊 ∼ 0.32V�휒 and𝑀�푍 ∼0.4V�휒. Limits fromdilepton searches at the LHCat 14 TeVwith∼ 23 fb−1 exclude 𝑀�푍 < 4TeV (see Figure 9 inside [49]).
With a projection with 100 fb−1 of data, extrapolating the
luminosity effect, one would exclude 𝑀�푍 < 4.7TeV. These

two limits translate into 𝑀�푊 > 3.2TeV and 𝑀�푊 > 3.7TeV,
respectively.

Therefore, we can conclude that the neutrinoless double
beta decay offers a complementary probe to collider physics
and, depending on choices for V�휎1, it can offer the most
restrictive bound on this gauge boson mass. We emphasize
that the mixing angle 𝜃 is quite small since it is dictated by𝑀2�푊�푊/𝑀2�푊 , rendering our conclusions robust.
4. Validity of the Minimal 3-3-1 Model

It has been shown that the 3-3-1M is valid up to energies
of 5.7TeV or so due the presence of a Landau pole [12, 50].
The collider bounds on the 𝑍�耠 and 𝑊�耠 mentioned above
already pose a strong tension on the model since these mass
limits translate into V�휒 ≈ 10TeV and V�휒 ≈ 12TeV. With
the addition of new exotic fermions that can contribute to
the renormalization group equations, this tension can be
alleviated. As can be seen in Figure 5, for 𝑚�훽�훽 ∼ 0.1 eV and
V�휎1 ∼ 10−6 GeV, the lower mass bound on 𝑊�耠 lies around1.6TeV, which implies that V�휒 > 3.6TeV.

This would constitute a strong but valid claim, under the
assumptions made. Neutrinoless double beta decay under
certain assumptions already excludes the minimal 3-3-1
model, imposing that the scale of symmetry breaking of the
model should lie beyond its validity (for previous bounds on
this model see [51–59]).

These findings are valid for 𝑚�훽�훽 ∼ 0.1 eV, but if we
consider the nEXO sensitivity which is expected to reach𝑚�훽�훽 ∼ 0.01 eV, the impact that our study brings to the
minimal 3-3-1 model is even more profound. Even for V�휎1 ∼10−6 GeV, we would already impose V�휒 ≥ 6TeV.

In summary, neutrinoless double beta decay offers an
orthogonal probe to the minimal 3-3-1 model. If the vevs of
the fields in the scalar sextet are sufficiently small, neutrino-
less double beta decay does not favor the original version of
the minimal 3-3-1 model.

5. Conclusions

We discussed neutrinoless double beta decay in the context
of the minimal 3-3-1 model. It features a minimal fermion
content, arguably rendering it more predictive in comparison
to other models based on this 3-3-1 gauge group. In the past
decades, we have observed a significant improvement in the
bound of the neutrinoless double beta decay. We exploit this
fact to obtain a lower mass bound on the 𝑊�耠 boson that
arises due to the enlarged gauge group. Our limits are based
mostly on the charged current and the vev of a scalar field that
generates neutrino masses and induces the 𝑊 − 𝑊�耠 mixing.
This mixing leads to a sizable contribution to neutrinoless
double beta decay.

We obtained a fully analytic expression that represents
a lower mass bound on the 𝑊�耠 mass. Depending on the
vev adopted for this scalar field (𝜎1), neutrinoless double
beta decay might offer the most restrictive limit on the 𝑊�耠
surpassing those of collider probes. Moreover, since the 𝑊�耠
mass is directly connected to the scale of symmetry breaking
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of the model, a lower mass bound on the gauge boson
represents also a lower bound on the scale of symmetry
breaking. In particular, if V�휎1 > 0.1GeV, current limits on
the half-life of the neutrinoless double beta decay strongly
disfavored out the minimal 3-3-1 model.
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We have studied that the implication of a large value of the effective Majorana neutrino mass in case of neutrino mass matrices
has either two equal elements and one zero element (popularly known as hybrid texture) or two equal cofactors and one zero
minor (popularly known as inverse hybrid texture) in the flavor basis. In each of these cases, four out of sixty phenomenologically
possible patterns predict near maximal atmospheric neutrino mixing angle in the limit of large effective Majorana neutrino mass.
This feature remains irrespective of the experimental data on solar and reactor mixing angles. In addition, we have also performed
the comparative study of all the viable cases of hybrid and inverse hybrid textures at 3𝜎 CL.

1. Introduction

In leptonic sector, the reactor mixing angle (𝜃13) has been
established to a reasonably good degree of precision [1–
6], and its nonzero and relatively large value has not only
provided an opportunity in exploring CP violation and the
neutrino mass ordering in the future experiments but has
also highlighted the puzzle of neutrino mass and mixing
pattern. In spite of the significant developments made over
the years, there are still several intriguing questions in the
neutrino sector which remain unsettled. For instance, the
present available data is unable to throw any light on the
neutrino mass spectrum, which may be normal/inverted and
may even be degenerate. Another important issue is the
determination of octant of atmospheric mixing angle 𝜃23,
which may be greater than or less than or equal to 450. The
determination of the nature of neutrinos whether Dirac or
Majorana also remains an open question. The observation
of neutrinoless double beta (0]𝛽𝛽) decay would eventually
establish the Majorana nature of neutrinos.

The effective Majorana mass term related to 0]𝛽𝛽 decay
can be expressed as|𝑀|𝑒𝑒 = 𝑚1𝑐212𝑐213𝑒2𝑖𝜌 + 𝑚2𝑠212𝑐213𝑒2𝑖𝜎 + 𝑚3𝑠213 . (1)

Data from KamLAND-Zen experiment has presented an
improved search for neutrinoless double-beta (0]𝛽𝛽) decay
[7] and it is found that |𝑀|𝑒𝑒 < (0.061–0.165) eV at 90% (or<2𝜎) CL. For recent reviews on 0]𝛽𝛽 decay see [8–13].

In the lack of any convincing theory, several phenomeno-
logical ideas have been proposed in the literature so as to
restrict the form of neutrino mass matrix, such as some
elements of neutrino mass matrix that are considered to be
zero or equal [14–21] or some cofactors of neutrino mass
matrix to be either zero or equal [19, 22–27]. Specifically,
mass matrices with zero textures (or cofactors) have been
extensively studied [14–18, 22–24] due to their connections
to flavor symmetries. In addition, texture structures with
one zero element (or minor) and an equality between two
independent elements (or cofactors) in neutrinomass matrix
have also been studied in the literature [20, 21, 26, 27]. Such
form of texture structures sets to one constraint equation
and thus reduces the number of real free parameters of
neutrino mass matrix to seven. Hence they are considered as
predictive as the well-known two-zero textures and can also
be realised within the framework of seesaw mechanism. Out
of sixty possibilities, only fifty-four are found to be compatible
with the neutrino oscillation data [21] for texture structures
having one zero element and equal matrix elements in the
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neutrino mass matrix (1TEE), while for texture with one
vanishing minor and equal cofactors in the neutrino mass
matrix (1TEC) only fifty-two cases are able to survive the data
[26, 27].

The purpose of present paper is to investigate the implica-
tion of large effective neutrino mass |𝑀|𝑒𝑒 on 1TEE and 1TEC
structures of neutrinomass matrix, while taking into account
the assumptions of [28, 29]. The consideration of large |𝑀|𝑒𝑒
is motivated by the extensive search for this parameter in the
ongoing 0]𝛽𝛽 experiments.The implication of large |𝑀|𝑒𝑒 has
earlier been studied for the viable cases of texture two-zero
and two-vanishing minor, respectively [28, 29]. Grimus et al.
[30] also predicted the near maximal atmospheric mixing for
two-zero textureswhen supplementedwith the assumption of
quasi-degenerate mass spectrum. However, the observation
made in all these analyses is independent of solar and reactor
mixing angles. Motivated by these works, we find that only
four out of sixty cases are able to predict near maximal 𝜃23
for 1TEE and 1TEC, respectively. In addition, the analysis also
hints towards the indistinguishable feature of 1TEE and 1TEC.
To present the indistinguishable nature of the 1TEE and 1TEC
texture structures, we have then carried out a comparative
study of all the viable cases of 1TEE and 1TEC at 3𝜎 CL.
The similarity between texture zero structures with one mass
ordering and corresponding cofactor zero structures with the
opposite mass ordering has earlier been noted in [31–33]. In
[19], the strong similarities have also been noted between
the texture structures with two equalities of elements and
structures with two equalities of cofactors in neutrino mass
matrix, with opposite mass ordering.

The rest of the paper is planned in the following manner.
In Section 2, we shall discuss the methodology to obtain
the constraint equations. Section 3 is devoted to numerical
analysis. In the end we will summarize our result.

2. Methodology

The effective Majorana neutrino mass matrix (𝑀]) contains
nine parameters which include three neutrino masses (𝑚1,𝑚2, 𝑚3), three mixing angles (𝜃12, 𝜃23, 𝜃13), and three CP
violating phases (𝛿, 𝜌, 𝜎). In the flavor basis, the Majorana
neutrino mass matrix can be expressed as follows:

𝑀] = 𝑃𝑙𝑈𝑃]𝑀diag𝑃𝑇
] 𝑈𝑇𝑃𝑇

𝑙 , (2)

where 𝑀diag = diag(𝑚1, 𝑚2, 𝑚3) is the diagonal matrix of
neutrino masses and 𝑈 is the flavor mixing matrix, and

𝑃] = (𝑒𝑖𝜌 0 00 𝑒𝑖𝜎 00 0 1) ,
𝑃𝑙 = (𝑒𝑖𝜙𝑒 0 00 𝑒𝑖𝜙𝜇 00 0 𝑒𝑖𝜙𝜏),

(3)

where 𝑃] is diagonal phase matrix containing Majorana
neutrinos 𝜌, 𝜎. 𝑃𝑙 is unobservable phase matrix and depends
on phase convention. Equation (2) can be rewritten as

𝑀] = 𝑃𝑙𝑈(𝜆1 0 00 𝜆2 00 0 𝜆3

)𝑈𝑇𝑃𝑇
𝑙 , (4)

where 𝜆1 = 𝑚1𝑒2𝑖𝜌, 𝜆2 = 𝑚2𝑒2𝑖𝜎, 𝜆3 = 𝑚3. For the present
analysis, we consider the following parameterization of 𝑈
[20]:𝑈
= ( 𝑐12𝑐13 𝑠12𝑐13 𝑠13−𝑐12𝑠23𝑠13 − 𝑠12𝑐23𝑒−𝑖𝛿 −𝑠12𝑠23𝑠13 + 𝑐12𝑐23𝑒−𝑖𝛿 𝑠23𝑐13−𝑐12𝑐23𝑠13 + 𝑠12𝑠23𝑒−𝑖𝛿 −𝑠12𝑐23𝑠13 − 𝑐12𝑠23𝑒−𝑖𝛿 𝑐23𝑐13), (5)

where 𝑐𝑖𝑗 = cos 𝜃𝑖𝑗, 𝑠𝑖𝑗 = sin 𝜃𝑖𝑗. Here, 𝑈 is a 3 × 3 unitary
matrix consisting of three flavor mixing angles (𝜃12, 𝜃23, 𝜃13)
and one Dirac CP-violating phase 𝛿.

For hybrid texture structure (1TEE) of𝑀], we can express
the ratios of neutrinomass eigenvalues in terms of themixing
matrix elements as [21]

𝜆1𝜆3

= 𝑃 (𝑈𝑎3𝑈𝑏3𝑈𝛼2𝑈𝛽2 − 𝑈𝑎2𝑈𝑏2𝑈𝛼3𝑈𝛽3) + (𝑈𝑎2𝑈𝑏2𝑈𝑐3𝑈𝑑3 − 𝑈𝑎3𝑈𝑏3𝑈𝑐2𝑈𝑑2)𝑃 (𝑈𝑎2𝑈𝑏2𝑈𝛼1𝑈𝛽1 − 𝑈𝑎1𝑈𝑏1𝑈𝛼2𝑈𝛽2) + (𝑈𝑎1𝑈𝑏1𝑈𝑐2𝑈𝑑2 − 𝑈𝑎2𝑈𝑏2𝑈𝑐1𝑈𝑑1) ,𝜆2𝜆3

= 𝑃 (𝑈𝑎1𝑈𝑏1𝑈𝛼3𝑈𝛽3 − 𝑈𝑎3𝑈𝑏3𝑈𝛼1𝑈𝛽1) + (𝑈𝑎3𝑈𝑏3𝑈𝑐1𝑈𝑑1 − 𝑈𝑎1𝑈𝑏1𝑈𝑐3𝑈𝑑3)𝑃 (𝑈𝑎2𝑈𝑏2𝑈𝛼1𝑈𝛽1 − 𝑈𝑎1𝑈𝑏1𝑈𝛼2𝑈𝛽2) + (𝑈𝑎1𝑈𝑏1𝑈𝑐2𝑈𝑑2 − 𝑈𝑎2𝑈𝑏2𝑈𝑐1𝑈𝑑1) ,
(6)

where 𝑃 = 𝑒𝑖(𝜙𝛼+𝜙𝛽−𝜙𝑐−𝜙𝑑) is a phase factor. Similarly, in case of
inverse hybrid texture structure (1TEC) of𝑀], we can express
the ratios of mass eigenvalues as [26, 27] follows:𝜆1𝜆3

= 𝐴1𝐵2 − 𝐴2𝐵1𝐴2𝐵3 − 𝐴3𝐵2

,
𝜆2𝜆3

= 𝐴1𝐵2 − 𝐴2𝐵1𝐴3𝐵1 − 𝐴1𝐵3

,
(7)

where𝐴 𝑖 = (𝑈𝑝𝑗𝑈𝑞𝑗𝑈𝑟𝑘𝑈𝑠𝑘 − 𝑈𝑡𝑗𝑈𝑢𝑗𝑈V𝑘𝑈𝑤𝑘) + (𝑗 ←→ 𝑘) ,
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Figure 1: Correlation plots for textures 𝐵2 ((a) NO and (b) IO) and 𝐶7 for ((c) NO and (d) IO) at 3𝜎 CL for 1TEE. The symbols have their
usual meaning. The horizontal line indicates the upper limit on effective neutrino mass term |𝑀|𝑒𝑒 (i.e., |𝑀|𝑒𝑒 < 0.165 eV) at 90% CL, given
in KamLAND-Zen experiment [7].

𝐵𝑖 = (−1)𝑚+𝑛 𝑄(𝑈𝑎𝑗𝑈𝑏𝑗𝑈𝑐𝑘𝑈𝑑𝑘 − 𝑈𝑒𝑗𝑈𝑓𝑗𝑈𝑔𝑘𝑈ℎ𝑘)− (−1)𝑚+𝑛 (𝑈𝑎𝑗𝑈𝑏𝑗𝑈𝑐𝑘𝑈𝑑𝑘 − 𝑈𝑒𝑗𝑈𝑓𝑗𝑈𝑔𝑘𝑈ℎ𝑘)+ (𝑗 ←→ 𝑘) ,
(8)

with (𝑖, 𝑗, 𝑘) a cyclic permutation of (1, 2, 3) and 𝑄 =𝑒𝑖(𝜙𝑎+𝜙𝑏+𝜙𝑐+𝜙𝑑−𝜙
𝑎

−𝜙
𝑏
−𝜙
𝑐
−𝜙
𝑑

) is phase factor.
Using the above expressions, we can obtain themagnitude

of neutrino mass ratios, 𝛼 ≡ |𝜆1|/|𝜆3| and 𝛽 ≡ |𝜆2|/|𝜆3| in
each texture structure, and the Majorana phases (𝜌, 𝜎) can be
given as 𝜌 = (1/2) arg(𝜆1/𝜆3) and 𝜎 = (1/2) arg(𝜆2/𝜆3).

The solar and atmospheric mass squared differences
(𝛿𝑚2, Δ𝑚2), where 𝛿𝑚2 corresponds to solar mass-squared
difference and Δ𝑚2 corresponds to atmospheric mass-
squared difference, can be defined as [20]𝛿𝑚2 = (𝑚2

2 − 𝑚2
1) ,

Δ𝑚2 = 𝑚2
3 − 12 (𝑚2

1 + 𝑚2
2) .

(9)

The experimentally determined solar and atmospheric neu-
trino mass-squared differences can be related to neutrino
mass ratios (𝛼, 𝛽) as

𝑅] ≡ 𝛿𝑚2Δ𝑚2 = 2 (𝛽2 − 𝛼2)2 − (𝛽2 + 𝛼2) , (10)

and the three neutrino masses can be determined in terms of𝛼, 𝛽 as

𝑚3 = √ 𝛿𝑚2𝛽2 − 𝛼2
,

𝑚2 = 𝑚3𝛽,𝑚1 = 𝑚3𝛼.
(11)
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Figure 2: Correlation plots for textures 𝐵2 ((a) NO and (b) IO) and 𝐶7 for ((c) NO and (d) IO) at 3𝜎 CL for 1TEE. The symbols have their
usual meaning. The horizontal line indicates the upper limit on reactor mixing angle 𝜃13 < 8.90, as given in Table 1.

Among the sixty logically possible cases of 1TEE or
1TEC texture structures, there are certain pair, which exhibit
similar phenomenological implications and are related via
permutation symmetry [21, 26, 27]. This corresponds to
permutation of the 2-3 rows and 2-3 columns of 𝑀]. The
corresponding permutation matrix can be given by

𝑃23 = (1 0 00 0 10 1 0) . (12)

With the help of permutation symmetry, one obtains the fol-
lowing relations among the neutrino oscillation parameters:𝜃𝑋

12 = 𝜃𝑌
12,𝜃𝑋

23 = 90∘ − 𝜃𝑌
23,𝜃𝑋

13 = 𝜃𝑌
13,𝛿𝑋 = 𝛿𝑌 − 180∘,

(13)

where 𝑋 and 𝑌 denote the cases related to 2-3 permutation.
The following pair among sixty cases are related via permu-
tation symmetry:(𝐴1, 𝐴1); (𝐴2, 𝐴8); (𝐴3, 𝐴7); (𝐴4, 𝐴6); (𝐴5, 𝐴5);(𝐴9, 𝐴10); (𝐵1, 𝐶1)(𝐵2, 𝐶7); (𝐵3, 𝐶6); (𝐵4, 𝐶5); (𝐵5, 𝐶4);(𝐵6, 𝐶3) (𝐵7, 𝐶2); (𝐵8, 𝐶10)(𝐵9, 𝐶9); (𝐵10, 𝐶8); (𝐷1, 𝐹2); (𝐷2, 𝐹1); (𝐷3, 𝐹4);(𝐷4, 𝐹3)(𝐷5, 𝐹5); (𝐷6, 𝐹9); (𝐷7, 𝐹8); (𝐷8, 𝐹7); (𝐷9, 𝐹6);(𝐷10, 𝐹10)(𝐸1, 𝐸2); (𝐸3, 𝐸4); (𝐸5, 𝐸5); (𝐸6, 𝐸9); (𝐸7, 𝐸8);(𝐸10, 𝐸10).
Clearly we are left with only thirty-two independent cases.
It is worthwhile to mention that cases 𝐴1, 𝐴5, 𝐸5, and 𝐸10

are invariant under the permutations of 2 and 3 rows and
columns.
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Figure 3: Correlation plots for textures 𝐵2 ((a) NO and (b) IO) and 𝐶7 for ((c) NO and (d) IO) at 3𝜎 CL for 1TEC. The symbols have their
usual meaning. The horizontal line indicates the upper limit on effective neutrino mass term |𝑀|𝑒𝑒 (i.e., |𝑀|𝑒𝑒 < 0.165 eV) at 90% (<2𝜎)CL,
given in KamLAND-Zen experiment [7].

3. Numerical Analysis

The experimental constraints on neutrino parameters at 3𝜎
confidence levels (CL) are given in Table 1. The classification
of sixty phenomenologically possible cases of 1TEE and 1TEC
is done in the nomenclature, given by Wang et al. in [26, 27].
All the sixty cases are divided into six categories 𝐴, 𝐵, 𝐶, 𝐷,
and 𝐸 (Table 2). In [26, 27], it is found that the phenomeno-
logical results of cases belonging to 1TEC (or 1TEE) are almost
similar to each other due to permutation symmetry. For the
purpose of calculation, we have used the latest experimental
data on neutrino mixing angles (𝜃12, 𝜃23, 𝜃13, 𝛿𝑚2) and mass
squared differences (Δ𝑚2, 𝛿) at 3𝜎 CL [5, 6].

3.1. Near Maximal Atmospheric Mixing for 1TEE and 1TEC
Texture Structures. As a first step of the analysis, all the sixty
cases of 1TEE and 1TEC have been investigated in the limit
of large |𝑀|𝑒𝑒. For the analysis, we have incorporated the
assumptions of [28, 29], wherein authors have considered the

lower bound on |𝑀|𝑒𝑒 to be large (i.e., |𝑀|𝑒𝑒 > 0.08 eV). The
upper bound on |𝑀|𝑒𝑒 is chosen to be more conservative;
that is, |𝑀|𝑒𝑒 < 0.5 eV at 3𝜎 CL [10]. The input parameters
(𝜃12, 𝜃23, 𝜃13, 𝛿𝑚2, Δ𝑚2, 𝛿) are generated by the method of
random number generation. The three neutrino mixing
angles and Dirac-type CP-violating phase 𝛿 are varied
between 00 to 900 and 00 to 3600, respectively. However, the
mass-squared differences (𝛿𝑚2, Δ𝑚2) are varied randomly
within their 3𝜎 experimental range [5, 6]. For the numerical
analysis, we follow the same procedure as discussed in [20].
The main results and discussion are summarized as follows.

In Figures 1, 2, 3, 4, 5, and 6, it is explicitly shown that
the octant of 𝜃23 is well restricted for 𝐵2, 𝐶7, 𝐷3, 𝐹4 of 1TEE
and 1TEC texture structures, respectively. However, for the
remaining cases, the value of 𝜃23 is unconstrained like other
oscillation parameters. Apart from restricting the octant
of 𝜃23, the analysis also ensures the quasi-degenerate mass
ordering for these cases similar to the observation of [28–
30]. From Figures 1(a), 1(b), 3(a), and 3(b), it is clear that,
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Figure 4: Correlation plots for textures 𝐵2 ((a) NO and (b) IO) and 𝐶7 for ((c) NO and (d) IO) at 3𝜎 CL for 1TEC. The symbols have their
usual meaning. The horizontal line indicates the upper limit on reactor mixing angle 𝜃13 < 8.90, as given in Table 1.

Table 1: Current neutrino oscillation parameters from global fits at 3𝜎 confidence level [5, 6]. NO (IO) refers to normal (inverted) neutrino
mass ordering.

Parameter Best fit 3𝜎𝛿𝑚2 [10−5 eV2] 7.50 7.03–8.09|Δ𝑚2
31| [10−3 eV2] (NO) 2.52 2.407–2.643|Δ𝑚2
31| [10−3 eV2] (IO) 2.52 2.39–2.63𝜃12 33.56∘ 31.3∘–35.99∘𝜃23 (NO) 41.6∘ 38.4∘–52.8∘𝜃23 (IO) 50.0∘ 38.8∘–53.1∘𝜃13 (NO) 8.46∘ 7.99∘–8.90∘𝜃13 (IO) 8.49∘ 8.03∘–8.93∘𝛿 (NO) 261∘ 0∘–360∘𝛿 (IO) 277∘ 145∘–391∘

for increasing value of |𝑀|𝑒𝑒, atmospheric mixing angle 𝜃23
approaches tomaximal value for the structure𝐵2 of 1TEE and
1TEC for both normal ordering (NO) and inverted ordering
(IO). In Figures 2 and 4, it is explicitly shown that for cases𝐵2 and 𝐶7 the quadrant of 𝜃23 is already decided without the

experimental input of the mixing angles. For 1TEE, we have𝜃23 < 450 for NO and 𝜃23 > 450 for IO, whereas for 1TEC,𝜃23 > 450 for NO, while 𝜃23 < 450 for IO (Figures 2(a), 2(b),
4(a), and 4(b)). Clearly the correlation plots of case 𝐵2

are indistinguishable for 1TEE and 1TEC, if neutrino mass
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Figure 5: Correlation plots for textures 𝐷3 ((a), (c)) and 𝐹4 ((b), (d)) with IO for 1TEE at 3𝜎 CL. The symbols have their usual meaning. In
(a) and (b), colored horizontal line indicates the upper limit on effective neutrino mass term |𝑀|𝑒𝑒 (i.e., |𝑀|𝑒𝑒 < 0.165 eV) at 90 (<2𝜎)% CL,
given in KamLAND-Zen experiment [7]. In (c) and (d), we have shown the upper limit on reactor mixing angle 𝜃13.

ordering is not considered as also pointed out earlier. Similar
conclusion can be drawn for structure 𝐶7 since both are
related through 2-3 exchange symmetry (Figures 2(c), 2(d),
4(c), and 4(d)). Apart from the prediction of near maximality
of 𝜃23, cases 𝐵2 and 𝐶7 also predict 𝛿 ≃ 900, 2700 for
1TEE and 1TEC, respectively, if experimental range of mixing
angles is considered as in Table 2. Figures 2(a) and 2(c)
for NO and Figures 2(b) and 2(d) for IO depict the 2-3
interchange symmetry between cases 𝐵2 and 𝐶7 for 1TEE.
Similar phenomenological observation is shown for 1TEC in
Figures 4(a), 4(c), 4(b), and 4(d), respectively.

Similarly, cases 𝐷3 and 𝐹4 of 1TEE also predict near
maximal atmospheric mixing angle (𝜃23) for IO (Figures 5(a)
and 5(b)). Interestingly the parameter space of reactormixing
angle 𝜃13 is found to be constrained between 00 and 350
(Figures 5(c) and 5(d)). In Figures 5(c) and 5(d), it is clear
that, for the allowed experimental range of 𝜃13 (8.50−9.80), 𝜃23
inches closer to 450. Similar predictions have been noted for
cases𝐷3 and 𝐹4 of 1TEC, however, for normal mass ordering
(NO) (Figures 6(a), 6(b), 6(c), and 6(d)).

3.2. Comparing the Results for 1TEE and 1TEC Texture Struc-
tures. In this subsection, we compare the results of all the
viable structures of 1TEE and 1TEC in neutrino mass matrix.
It is worthwhile to mention that the present refinements of
the experimental data do not limit the number of viable
cases in 1TEE and 1TEC textures respectively. The number
of viable cases obtained is the same as predicted in [21,
26, 27] for 1TEE and 1TEC, respectively. For executing the
analysis, we vary the allowed ranges of three neutrinomixing
angles (𝜃12, 𝜃23, 𝜃13) andmass squared differences (𝛿𝑚2, Δ𝑚2)
within their 3𝜎 confidence level. To facilitate the comparison,
we have encapsulated the the predictions regarding three CP
violating phases (𝜌, 𝜎, 𝛿) and neutrino masses 𝑚1,2,3 for all
the allowed texture structures of 1TEE and 1TEC, respectively
(Tables 3, 4, 5, and 6).

Category A. In Category A, there are 10 possible cases out of
which only four (𝐴1,4,5,6) are allowed for 1TEE at 3𝜎 CL, and
in addition inverted mass ordering (IO) is ruled out for all
these cases. On the other hand, only three (𝐴1,4,6) are allowed
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Figure 6: Correlation plots for textures𝐷3 ((a), (c)) and 𝐹4 ((b), (d)) with NO for 1TEC at 3𝜎 CL. The symbols have their usual meaning. In
(a) and (b), colored horizontal line indicates the upper limit on effective neutrino mass term |𝑀|𝑒𝑒 (i.e., |𝑀|𝑒𝑒 < 0.165 eV) at 90 (<2𝜎)% CL,
given in KamLAND experiment [7]. In (c) and (d), we have shown the upper limit on reactor mixing angle 𝜃13.

for 1TEC with current oscillation data, while normal mass
ordering (NO) is ruled out for these cases. For 1TEE, 𝜌, 𝜎, 𝛿
remain unconstrained; however, for 1TEC, only 𝛿 remains
unconstrained, while Majorana phases (𝜌, 𝜎) are restricted
near 00 pertaining to viable cases. FromTable 3, it is clear that
lower bound on lowest neutrino mass (𝑚1 (NO) or 𝑚3 (IO))
is nearly equal or less than 1meV for 1TEE and 1TEC.

Category B (C). In Category B, all the ten possible cases are
allowed for both 1TEE and 1TEC, respectively, at 3𝜎 CL;
however, cases 𝐵1,6,7 allow only NO for 1TEE, while the same
allow only IO for 1TEC (Table 4). Cases𝐵2,3,4,5,8,9,10 allow both
NO and IO for 1TEE and 1TEC, respectively. Asmentioned in
[26, 27], cases of Category B are related to the cases belonging
to Category C through permutation symmetry; therefore, we
can obtain the results for Category C from B. We find that
cases 𝐶1,2,3 allow only NO for 1TEE, while the same allow IO
for 1TEC.

Textures 𝐵1 (NO), 𝐵3 (NO, IO), 𝐵5 (NO, IO), 𝐵6 (NO), 𝐵7

(NO), 𝐵8 (NO), 𝐵10 (NO), 𝐶1 (NO), 𝐶2 (NO), 𝐶3 (NO), 𝐶4

(NO, IO), 𝐶6 (NO, IO), 𝐶8 (NO), and 𝐶10 (NO) held nearly
no constraint on Dirac CP violating phase (𝛿) for 1TEE and
1TEC, respectively, but with opposite neutrino mass ordering
(Table 4). Only cases 𝐵2 (NO), 𝐵4 (IO),𝐶7 (NO), and𝐶5 (IO)
for 1TEE and 𝐵2 (IO), 𝐵4 (NO), 𝐶7 (IO), and 𝐶5 (NO) for
1TEC show significant reduction in the parameter space of 𝛿.
It is found that 𝛿 is restricted near 900 and 2700 for 1TEE and
1TEC, respectively (Table 4).These predictions are significant
considering the latest hint on 𝛿 near 2700 [5, 6]. Therefore
all the above cases discussed are almost indistinguishable for
1TEE and 1TEC, if neutrino mass ordering is not considered.

Category D(F). All the ten possible cases belonging to
Category D are acceptable with neutrino oscillation data at
3𝜎 CL for 1TEE and 1TEC, respectively (Table 5). However
cases 𝐷1,2,4,5,6,7,9 favor both NO and IO for 1TEE and 1TEC,
while 𝐷3, 𝐷8, and 𝐷10 are acceptable only for IO in case of
1TEE; however, the same cases allowed NO in case of 1TEC.
Similarly, the results for cases belonging to Category F can be
derived from Category D.
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Table 2: Sixty phenomenologically possible hybrid texture structures of 𝑀] at 3𝜎 C.L where the triangles “△” denote equal and nonzero
elements (or cofactors) and “0” denotes the vanishing element (or minor). “×” denotes the nonzero elements or cofactor.𝐴 𝐵 𝐶 𝐷 𝐸 𝐹
1 (0 △ △△ × ×△ × ×) (△ 0 △0 × ×△ × ×) (△ △ 0△ × ×0 × ×) (△ △ ×△ 0 ×× × ×) (△ △ ×△ × 0× 0 ×) (△ △ ×△ × ×× × 0)
2 (0 △ ×△ △ ×× × ×) (× 0 △0 △ ×△ × ×) (△ × 0× △ ×0 × ×) (△ × △× 0 ×△ × ×) (△ × △× × 0△ 0 ×) (△ × △× × ×△ × 0)
3 (0 × △× × △△ △ ×) (× 0 △0 × △△ △ ×) (△ × 0× × △0 △ ×) (△ × 0× 0 △0 △ ×) (△ × ×× △ 0× 0 ×) (△ × ×× △ ×× × 0)
4 (0 × ×× △ △× △ ×) (× 0 △0 × ×△ × △) (△ × 0× × ×0 × △) (△ × ×× 0 ×× × △) (△ × ×× × 0× 0 △) (△ × ×× × △× △ 0)
5 (0 × ×× △ ×× × △) (△ 0 ×0 △ ×× × ×) (× △ 0△ △ ×0 × ×) (× △ △△ 0 ×△ × ×) (× △ △△ × 0△ 0 ×) (× △ △△ × ×△ × 0)
6 (0 × ×× × △× △ △) (△ 0 ×0 × △× △ ×) (× △ 0△ × △0 △ ×) (× △ ×△ 0 △× △ ×) (× △ ×△ △ 0× 0 ×) (× △ ×△ △ ×× × 0)
7 (0 △ ×△ × △× △ ×) (△ 0 ×0 × ×× × △) (× △ 0△ × ×0 × △) (× △ ×△ 0 ×× × △) (× △ ×△ × 0× 0 △) (× △ ×△ × △× △ 0)
8 (0 × △× × ×△ × △) (× 0 ×0 △ △× △ ×) (× × 0× △ △0 △ ×) (× × △× 0 △△ △ ×) (× × △× △ 0△ 0 ×) (× × △× △ ×△ × 0)
9 (0 × △× △ ×△ × ×) (× 0 ×0 △ ×× × △) (× × 0× △ ×0 × △) (× × △× 0 ×△ × △) (× × △× × 0△ 0 △) (× × △× × △△ △ 0)
10 (0 △ ×△ × ×× × △) (× 0 ×0 × △× △ △) (× × 0× × △0 △ △) (× × ×× 0 △× △ △) (× × ×× △ 0× 0 △) (× × ×× △ △× △ 0)

Cases 𝐷1 (IO), 𝐷2 (IO), 𝐷3 (IO), 𝐷4 (IO), 𝐷5 (NO, IO),𝐷6 (IO), 𝐷7 (NO, IO), 𝐷8 (IO), 𝐷9 (NO, IO), 𝐷10 (IO), 𝐹1

(IO), 𝐹2 (IO), 𝐹3 (IO), 𝐹4 (IO), 𝐹5 (NO, IO), 𝐹6 (IO), 𝐹7 (NO,
IO), 𝐹8 (IO), 𝐹9 (NO, IO), and 𝐹10 (IO) predict literally
no constraints on 𝛿 for 1TEE. These cases give identical
predictions for 1TEC, but for opposite mass ordering. For
cases 𝐷1 (NO), 𝐷2 (NO), 𝐷4 (NO), 𝐷6 (NO), 𝐹1 (NO),

𝐹2 (NO), 𝐹4 (NO), and 𝐹6 (NO), the parameter space of 𝛿
is found to be well constrained for 1TEE. These cases give
similar predictions regarding the parameter space of 𝛿 for
1TEC, but for IO.

Category E. In Category E, all the ten possible cases are
allowed for 1TEE at 3𝜎 CL, while only nine other than 𝐸5 are
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Table 3: The allowed ranges of Dirac CP-violating phase 𝛿, the Majorana phases 𝜌, 𝜎, and three neutrino masses 𝑚1, 𝑚2, 𝑚3 for the
experimentally allowed cases of Category A. Masses are in eV. “×” denotes the nonviability of case for a particular mass ordering.

Cases 1TEE 1TEC
NO IO NO IO

𝐴1

𝜌 = −900–900 × × 𝜌 = −0.02770– − 0.02200 ⊕ 0.02140–0.02740𝜎 = −900–900 × × 𝜎 = −0.02730–0.02710𝛿 = 00–3600 × × 𝛿 = 00–3600𝑚1 = 0.00147–0.0106 × × 𝑚1 = 0.0430–0.0534𝑚2 = 0.00849–0.0139 × × 𝑚2 = 0.0439–0.0541𝑚3 = 0.0437–0.0551 × × 𝑚3 = 0.000904–0.00504𝐴2 (𝐴8) × × × ×𝐴3 (𝐴7) × × × ×
𝐴4 (𝐴6)

𝜌 = −900–900 × × 𝜌 = −0.02750– − 0.02220 ⊕ 0.02150–0.02690𝜎 = −900–900 × × 𝜎 = −0.02500–0.02680𝛿 = 00–3600 × × 𝛿 = 00–3600𝑚1 = 0.00148–0.0106 × × 𝑚1 = 0.0431–0.0534𝑚2 = 0.00850–0.0139 × × 𝑚2 = 0.0439–0.0540𝑚3 = 0.0437–0.0551 × × 𝑚3 = 0.000950–0.00504
𝐴5 (𝐴5)

𝜌 = −900–900 × × ×𝜎 = −900–900 × × ×𝛿 = 00–3600 × × ×𝑚1 = 0.00163–0.0105 × × ×𝑚2 = 0.00854–0.0137 × × ×𝑚3 = 0.0438–0.0545 × × ×𝐴9 (𝐴10) × × × ×

acceptable in case of 1TEC (Table 6). Cases 𝐸1,2,3,4,6,7,8,9 allow
only inverted mass ordering (IO) for 1TEE, while the same
textures allow only normal mass ordering (NO) for 1TEC.
Cases 𝐸5 and 𝐸10 allow both NO and IO for 1TEE; however𝐸5 is ruled out for bothNO and IO for 1TEC at 3𝜎CL. Similar
to cases belonging to CategoryD,𝐸1,2,3,4,5,6,7,8,9 (IO) cover full
range of 𝜌, 𝜎, 𝛿 for 1TEE, whereas the same cases (except 𝐸5)
give identical predictions for 1TEC, but for NO. For 𝐸5 (NO)
and 𝐸10 (NO), phases 𝜌, 𝜎, 𝛿 are somewhat restricted at 3𝜎
CL for 1TEE, while only for 𝐸10 (IO), the parameter space of𝜌, 𝜎, 𝛿 seems to be restricted for 1TEC (Table 6).

To summarize our discussion, we have investigated all
the viable cases of 1TEE and 1TEC texture structures in the
limit of large effective neutrino mass |𝑀|𝑒𝑒. It is found that
only four cases are able to produce near maximal atmo-
spheric mixing for 1TEE and 1TEC, respectively. However,
the predictions remain true irrespective of the experimental
data on solar and reactor mixing angle. The observation
also hints towards the indistinguishable feature of 1TEE and
1TEC texture structures, but for opposite mass ordering. In
order to depict the indistinguishability, we have carried out a
comparative study of 1TEE and 1TEC texture structures using
the current experimental data at 3𝜎 CL. From our discussion
we find that most of the cases belonging to 1TEE and 1TEC

are almost indistinguishable as far as the neutrino oscillation
parameters are concerned, but with opposite neutrino mass
ordering. The indistinguishable nature of 1TEE and 1TEC is
more prominent for quasi-degenerate mass ordering. For the
cases where lower bound on lowest neutrino mass is very
small (<1meV), there is noticeable deviation in the predic-
tions for 1TEE and 1TEC (Tables 3, 4, 5, and 6). This point is
also discussed by Liao et. al. in [31]. In addition, the para-
meter space of 𝛿 for most of the cases belonging to 1TEE
and 1TEC remains unrestricted, while only eight cases show
maximal restriction for 𝛿. Since no presently feasible experi-
ment has been able to determine the neutrino mass ordering,
therefore, we cannot distinguish 1TEE and 1TEC structures
using the present oscillation data. However, the currently
running and forthcoming neutrino experiments aimed at dis-
tinguishing themass ordering of neutrinos will test our phen-
omenological results. Also the ongoing and future neutrino-
less double beta decay experiments are capable of measuring|𝑀|𝑒𝑒 term, which would, in turn, either confirm or rule out
our assumption of large |𝑀|𝑒𝑒.
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.400
𝜎=−1

0.480 –
10.220

𝜎=−8
.840 –9

.220
𝜎=−9

00 –900
𝜎=−5

.410 –5
.390

𝛿=77
.30 –94

.270 ⊕
266.30 –

2840
𝛿=84

.010 –9
8.70 ⊕

262.19
0
–276.6

0
𝛿=86

.220 –2
73.30

𝛿=81
.560 –9

6.480 ⊕
263.70 –

278.40
𝑚 1=0

.0235–
0.314

𝑚 1=0
.0453–

0.277
𝑚 1=0

.00548
–0.267

𝑚 1=0
.0507–

0.419
𝑚 2=0

.0242–
0.0310

𝑚 2=0
.0465–

0.274
𝑚 2=0

.00806
–0.316

𝑚 2=0
.0508–

0.419
𝑚 3=0

.0485–
0.0315

𝑚 3=0
.0117–

0.271
𝑚 3=0

.0428–
0.320

𝑚 3=0
.0249–

0.414
𝐵 3(𝐶 6

)
𝜌=−9

00 –−5
.90 ⊕5

.90 –90
0

𝜌=−9
00 –900

𝜌=−9
00 –900

𝜌=−9
00 –900

𝜎=−9
00 –−5

.90 ⊕5
.90 –90

0
𝜎=−9

00 –900
𝜎=−9

00 –900
𝜎=−9

00 –900
𝛿=7.4

70 –356
0

𝛿=8.3
0
–1730 ⊕

1870 –3
510

𝛿=5.1
60 –178

0
⊕183.7

0
–353.6

0
𝛿=00 –

3600
𝑚 1=0

.0153–
0.331

𝑚 1=0
.0459–

0.335
𝑚 1=0

.00504
–0.485

𝑚 1=0
.0427–

0.505
𝑚 2=0

.0161–
0.331

𝑚 2=0
.0461–

0.334
𝑚 2=0

.00920
–0.483

𝑚 2=0
.0445–

0.503
𝑚 3=0

.0445–
0.0335

𝑚 3=0
.0136–

0.330
𝑚 3=0

.0416–
0.480

𝑚 3=0
.00884

–0.500
𝐵 4(𝐶 5

)
𝜌=−1

9.070 –
19.750

𝜌=−4
.800 –4

.660
𝜌=−4

3.130 –
40.120

𝜌=−1
6.380 –

18.80
𝜎=−9

00 –900
𝜎=−2

.830 –3
.120

𝜎=−4
30 –40.

10
𝜎=−4

1.430 –
40.590

𝛿=00 –
1000 ⊕

260.20 –
3600

𝛿=84
.680 –9

4.70 ⊕
265.08

0
–275.5

0
𝛿=88

.040 –1
24.40 ⊕

230.09
0
–2720

𝛿=5.5
60 –13.

820 ⊕2
55.70 –

307.30
𝑚 1=0

.00681
–0.318

𝑚 1=0
.0488–

0.314
𝑚 1=0

.0105–
0.373

𝑚 1=0
.0444–

0.420
𝑚 2=0

.00969
–0.031

7
𝑚 2=0

.0486–
0.312

𝑚 2=0
.0129–

0.369
𝑚 2=0

.0447–
0.416

𝑚 3=0
.0421–

0.0321
𝑚 3=0

.0202–
0.310

𝑚 3=0
.0435–

0.374
𝑚 3=0

.0103–
0.418

𝐵 5(𝐶 4
)

𝜌=−2
0.830 –

20.790
𝜌=−9

00 –−1
1.30 ⊕

11.30 –
900

𝜌=−9
00 –900

𝜌=−2
4.190 –

24.450
𝜎=−3

6.30 –3
60

$𝜎=−
900 –−

14.30 ⊕
14.80 –

900
𝜎=−9

00 –900
𝜎=−2

7.70 –2
7.40

𝛿=00 –
177.50

⊕1820
–3600

𝛿=00 –
1680 ⊕

192.50 –
3600

𝛿=9.3
30 –172

.40 ⊕1
87.20–

350.40
𝛿=00 –

179.30
⊕180.6

0
–3600

𝑚 1=0
.00965

–0.330
𝑚 1=0

.0761–
0.330

𝑚 1=0
.0603–

0.498
𝑚 1=0

.0440–
0.498

𝑚 2=0
.0113–

0.0330
𝑚 2=0

.0762–
0.330

𝑚 2=0
.0608–

0.496
𝑚 2=0

.0447–
0.499

𝑚 3=0
.0421–

0.0332
𝑚 3=0

.0603–
0.328

𝑚 3=0
.0629–

0.500
𝑚 3=0

.0103–
0.499

𝐵 6(𝐶 3
)

𝜌=−9
00 –900

×
×

𝜌=−9
00 –900

𝜎=−9
00 –900

×
×

𝜎=−9
00 –900

𝛿=00 –
3600

×
×

𝛿=00 –
3600

𝑚 1=0
.0147–

0.324
×

×
𝑚 1=0

.0452–
0.454

𝑚 2=0
.00161

–0.324
×

×
𝑚 2=0

.0451–
0.451

𝑚 3=0
.0445–

0.324
×

×
𝑚 3=0

.00161
–0.450
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Ta
bl
e
4:
C
on

tin
ue
d.

Ca
se
s

1T
EE

1T
EC

N
O

IO
N
O

IO

𝐵 7(𝐶 2
)

𝜌=−2
6.250 –

26.430
×

×
𝜌=−3

0.920 –
30.420

𝜎=−5
0.280 –

50.20
×

×
𝜎=−4

1.90 –4
3.80

𝛿=00 –
177.50

⊕1820
–3600

×
×

𝛿=00 –
3600

𝑚 1=0
.00883

–0.331
×

×
𝑚 1=0

.0447–
0.498

𝑚 2=0
.00121

–0.329
×

×
𝑚 2=0

.0451–
0.498

𝑚 3=0
.0421–

0.334
×

×
𝑚 3=0

.00804
–0.498

𝐵 8(𝐶 1
0
)

𝜌=−9
00 –900

𝜌=−9
00 –900

𝜌=−9
00 –900

𝜌=−9
00 –900

𝜎=−9
00 –900

𝜎=−9
00 –900

𝜎=−9
00 –900

𝜎=−9
00 –900

𝛿=00 –
166.50

⊕196.5
0
–3600

𝛿=45
.050 –1

350 ⊕2
24.50 –

314.60
𝛿=45

.860 –3
15.050

𝛿=00 –
3600

𝑚 1=0
.00127

–0.279
𝑚 1=0

.0418–
0.279

𝑚 1=0
.00498

–0.381
𝑚 1=0

.0427–
0.303

𝑚 2=0
.00691

–0.277
𝑚 2=0

.0429–
0.307

𝑚 2=0
.00736

–0.382
𝑚 2=0

.0428–
0.302

𝑚 3=0
.0409–

0.280
𝑚 3=0

.00398
–0.305

𝑚 3=0
.0407–

0.384
𝑚 3=0

.00342
–0.298

𝐵 9(𝐶 9
)

𝜌=−9
00 –900

𝜌=−9
00 –900

𝜌=−9
00 –900

𝜌=−9
00 –900

𝜎=−9
00 –900

𝜎=−9
00 –900

𝜎=−9
00 –900

𝜎=−9
00 –900

𝛿=5.5
50 –354

0
𝛿=12

0
–171.7

0
⊕189.7

0
–352.7

0
𝛿=8.3

20 –175
.90 ⊕1

860 –35
0.470

𝛿=00 –
3600

𝑚 1=0
.00338

–0.279
𝑚 1=0

.0435–
0.319

𝑚 1=0
.00622

–0.487
𝑚 1=0

.0447–
0.486

𝑚 2=0
.00831

–0.277
𝑚 2=0

.0445–
0.319

𝑚 2=0
.00681

–0.486
𝑚 2=0

.0451–
0.487

𝑚 3=0
.0423–

0.282
𝑚 3=0

.00398
–0.317

𝑚 3=0
.00914

–0.486
𝑚 3=0

.00458
–0.480

𝐵 10(𝐶
8
)

𝜌=−9
00 –900

𝜌=−9
00 –900

𝜌=−9
00 –900

𝜌=−9
00 –900

𝜎=−9
00 –900

𝜎=−9
00 –900

𝜎=−9
00 –900

𝜎=−9
00 –900

𝛿=00 –
3600

𝛿=44
.640 –1

36.50 ⊕
224.60 –

314.20
𝛿=1.9

20 –313
.040

𝛿=00 –
3600

𝑚 1=0
.00163

–0.294
𝑚 1=0

.0425–
0.277

𝑚 1=0
.00516

–0.348
𝑚 1=0

.0427–
0.365

𝑚 2=0
.00691

–0.293
𝑚 2=0

.0423–
0.275

𝑚 2=0
.00806

–0.346
𝑚 2=0

.0453–
0.365

𝑚 3=0
.0409–

0.299
𝑚 3=0

.00380
–0.272

𝑚 3=0
.0416–

0.348
𝑚 3=0

.00879
–0.391
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en
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ili
ty
of

ca
se
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rt
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ul
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m
as
so

rd
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Ca
se
s

1T
EE

1T
EC

N
O

IO
N
O

IO

𝐷 1(𝐹 2
)

𝜌=−9
00 –900

𝜌=−9
00 –900

𝜌=−9
00 –900

𝜌=−9
00 –900

𝜎=−9
00 –900

𝜎=−9
00 –900

𝜎=−9
00 –900

𝜎=−9
00 –900

𝛿=30
.1850 –

322.60
𝛿=00 –

3600
𝛿=00 –

3600
𝛿=31

.790 –3
18.660

𝑚 1=0
.0541–

0.224
𝑚 1=0

.00432
–0.252

𝑚 1=0
.00331

–0.603
𝑚 1=0

.0731–
0.501

𝑚 2=0
.0538–

0.224
𝑚 2=0

.00437
–0.251

𝑚 2=0
.00800

–0.606
𝑚 2=0

.0719–
0.500

𝑚 3=0
.0679–

0.230
𝑚 3=0

.00343
–0.248

𝑚 3=0
.0371–

0.604
𝑚 3=0

.0593–
0.496

𝐷 2(𝐹 1
)

𝜌=−5
0.280 –

60.480
𝜌=−9

00 –900
𝜌=−9

00 –900
𝜌=−6

3.30 –6
40

𝜎=−9
00 –900

𝜎=−9
00 –900

𝜎=−9
00 –900

𝜎=−8
9.370 –

86.250
𝛿=87

.190 –2
97.40

𝛿=00 –
3600

𝛿=00 –
64.340

⊕295.7
0
–3600

𝛿=70
.500 –2

95.770
𝑚 1=0

.124–0
.293

𝑚 1=0
.0422–

0.263
𝑚 1=0

.00542
–0.027

7
𝑚 1=0

.128–0
.581

𝑚 2=0
.125–0

.294
𝑚 2=0

.0430–
0.262

𝑚 2=0
.00993

–0.029
1

𝑚 2=0
.130–0

.582
𝑚 3=0

.132–0
.295

𝑚 3=0
.00552

–0.257
𝑚 3=0

.0440–
0.0600

𝑚 3=0
.120–0

.579
𝐷 3(𝐹 4

)
×

𝜌=−9
00 –900

𝜌=−9
00 –900

×
×

𝜎=−9
00 –900

𝜎=−9
00 –900

×
×

𝛿=00 –
3600

𝛿=00 –
64.340

⊕295.7
0
–3600

×
×

𝑚 1=0
.0439–

0.308
𝑚 1=0

.0161–
0.474

×
×

𝑚 2=0
.0445–

0.308
𝑚 2=0

.0164–
0.471

×
×

𝑚 3=0
.00888

–0.304
𝑚 3=0

.0416–
0.469

×
𝐷 4(𝐹 3

)
𝜌=−5

8.710 –
59.350

𝜌=−9
00 –900

𝜌=−9
00 –900

𝜌=−6
1.40 –6

1.50
𝜎=−8

8.900 –
87.180

𝜎=−9
00 –900

𝜎=−9
00 –900

𝜎=−9
00 –900

𝛿=75
.870 –2

85.580
𝛿=00 –

3600
𝛿=18

.120 –3
18.750

𝛿=77
.860 –2

86.150
𝑚 1=0

.0574–
0.287

𝑚 1=0
.00429

–0.254
𝑚 1=0

.0102–
0.795

𝑚 1=0
.0711–

0.424
𝑚 2=0

.0575–
0.286

𝑚 2=0
.00430

–0.254
𝑚 2=0

.0147–
0.796

𝑚 2=0
.0740–

0.424
𝑚 3=0

.0679–
0.291

𝑚 3=0
.00969

–0.202
𝑚 3=0

.0369–
0.790

𝑚 3=0
.0564–

0.418
𝐷 5(𝐹 5

)
𝜌=−9

00 –900
𝜌=−9

00 –900
𝜌=−9

00 –900
𝜌=−9

00 –900
𝜎=−9

00 –900
𝜎=−9

00 –900
𝜎=−9

00 –900
𝜎=−9

00 –900
𝛿=00 –

3600
𝛿=00 –

3600
𝛿=00 –

3600
𝛿=00 –

3600
𝑚 1=0

.0337–
0.334

𝑚 1=0
.0431–

0.335
𝑚 1=0

.00255
–0.509

𝑚 1=0
.0538–

0.505
𝑚 2=0

.0338–
0.334

𝑚 2=0
.0434–

0.334
𝑚 2=0

.00370
–0.505

𝑚 2=0
.0539–

0.506
𝑚 3=0

.0541–
0.334

𝑚 3=0
.00940

–0.330
𝑚 3=0

.0351–
0.510

𝑚 3=0
.0305–

0.500
𝐷 6(𝐹 9

)
𝜌=−6

5.090 –
58.480

𝜌=−9
00 –900

𝜌=−2
3.030 –

−7.740
⊕7.660

–22.14
0

𝜌=−1
8.420 –

−6.560
⊕6.770

–18.27
0

𝜎=−9
00 –900

𝜎=−9
00 –900

𝜎=−6
8.530 –

−38.75
0
⊕37.86

0
–69.00

𝜎=−7
1.10 –−

46.20 ⊕
46.20 –

70.480
𝛿=64

.20 –28
8.10

𝛿=00 –
3600

𝛿=10
9.680 –

150.05
0
⊕210.4

0
–250.2

0
𝛿=11

8.190 –
154.20

⊕206.7
0
–242.3

0

𝑚 1=0
.0974–

0.323
𝑚 1=0

.0446–
0.277

𝑚 1=0
.0202–

0.456
𝑚 1=0

.108–0
.398

𝑚 2=0
.0965–

0.0321
𝑚 2=0

.0448–
0.277

𝑚 2=0
.0204–

0.456
𝑚 2=0

.109–0
.396

𝑚 3=0
.107–0

.0326
𝑚 3=0

.00888
–0.324

𝑚 3=0
.0451–

0.456
𝑚 3=0

.0962–
0.396
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Ta
bl
e
5:
C
on

tin
ue
d.

Ca
se
s

1T
EE

1T
EC

N
O

IO
N
O

IO

𝐷 7(𝐹 8
)

𝜌=−9
00 –900

𝜌=−9
00 –900

𝜌=−9
00 –900

𝜌=−9
00 –900

𝜎=−9
00 –900

𝜎=−9
00 –900

𝜎=−9
00 –900

𝜎=−9
00 –900

𝛿=00 –
3600

𝛿=00 –
3600

𝛿=00 –
3600

𝛿=00 –
3600

𝑚 1=0
.0478–

0.273
𝑚 1=0

.0439–
0.333

𝑚 1=0
.00663

–0.436
𝑚 1=0

.0647–
0.437

𝑚 2=0
.0479–

0.273
𝑚 2=0

.0454–
0.333

𝑚 2=0
.0103–

0.434
𝑚 2=0

.0649–
0.438

𝑚 3=0
.0644–

0.300
𝑚 3=0

.00806
–0.330

𝑚 3=0
.0416–

0.438
𝑚 3=0

.0439–
0.491

𝐷 8(𝐹 7
)

×
𝜌=−9

00 –900
𝜌=−9

00 –900
×

×
𝜎=−9

00 –900
𝜎=−9

00 –900
×

×
𝛿=00 –

3600
𝛿=00 –

64.340
⊕295.7

0
–3600

×
×

𝑚 1=0
.0451–

0.0938
𝑚 1=0

.00941
–0.080

3
×

×
𝑚 2=0

.0459–
0.0941

𝑚 2=0
.0125–

0.0804
×

×
𝑚 3=0

.00121
–0.079

0
𝑚 3=0

.0445–
0.0953

×
𝐷 9(𝐹 6

)
𝜌=−9

00 –900
𝜌=−9

00 –900
𝜌=−9

00 –900
𝜌=−9

00 –900
𝜎=−9

00 –900
𝜎=−9

00 –900
𝜎=−9

00 –900
𝜎=−9

00 –900
𝛿=00 –

3600
𝛿=00 –

3600
𝛿=00 –

3600
𝛿=00 –

3600
𝑚 1=0

.0492–
0.300

𝑚 1=0
.0455–

0.310
𝑚 1=0

.00769
–0.436

𝑚 1=0
.0647–

0.411
𝑚 2=0

.0496–
0.300

𝑚 2=0
.0456–

0.310
𝑚 2=0

.00932
–0.434

𝑚 2=0
.0638–

0.412
𝑚 3=0

.0638–
0.303

𝑚 3=0
.00969

–0.306
𝑚 3=0

.0426–
0.438

𝑚 3=0
.0458–

0.407
𝐷 10(𝐹

1
0
)

×
𝜌=−9

00 –900
𝜌=−9

00 –900
×

×
𝜎=−9

00 –900
𝜎=−9

00 –900
×

×
𝛿=00 –

3600
𝛿=00 –

64.340
⊕295.7

0
–3600

×
×

𝑚 1=0
.0432–

0.102
𝑚 1=0

.00201
–0.079

3
×

×
𝑚 2=0

.0442–
0.102

𝑚 2=0
.00870

–0.079
5

×
×

𝑚 3=0
.00301

–0.090
1

𝑚 3=0
.0435–

0.0932
×
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[12] J. J. Gómez-Cadenas, J. Martin-Albo, M.Mezzetto, F. Monrabal,
and M. Sorel, “The search for neutrinoless double beta decay,”
La Rivista del Nuovo Cimento, vol. 29, no. 2, 2012.

[13] S. M. Bilenky and C. Giunti, “Neutrinoless double-beta decay:
a brief review,”Modern Physics Letters A, vol. 27, no. 13, Article
ID 1230015, 22 pages, 2012.

[14] P. H. Frampton, S. L. Glashow, and D. Marfatia, “Zeroes of the
neutrino mass matrix,” Physics Letters B, vol. 536, no. 1-2, pp.
79–82, 2002.

[15] Z.-Z. Xing, “Texture zeros andmajorana phases of the neutrino
mass matrix,” Physics Letters B, vol. 530, no. 1-4, pp. 159–166,
2002.

[16] J. Liao, D. Marfatia, and K. Whisnant, “Texture and cofactor
zeros of the neutrino mass matrix,” Journal of High Energy
Physics, vol. 13, 2014.

[17] D. Meloni, A. Meroni, and E. Peinado, “Two-zero Majorana
textures in the light of the Planck results,” Physical Review D,
vol. 89, no. 5, Article ID 053009, 2014.

[18] P. O. Ludl and W. Grimus, “A complete survey of texture zeros
in the leptonmassmatrices,” Journal of High Energy Physics, vol.
9, 2014.

[19] S. Dev, R. R. Gautam, and L. Singh, “Neutrino mass matrices
with two equalities between the elements or cofactors,” Physical
Review D: Particles, Fields, Gravitation and Cosmology, vol. 87,
Article ID 073011, 2013.

[20] J.-Y. Liu and S. Zhou, “Hybrid textures of Majorana neutrino
mass matrix and current experimental tests,” Physical Review
D: Particles, Fields, Gravitation and Cosmology, vol. 87, no. 9-1,
Article ID 093010, 2013.

[21] S. Kaneko, H. Sawanaka, and M. Tanimoto, Journal of High
Energy Physics, vol. 73, Article ID 0508, 2005.

[22] L. Lavoura, “Zeros of the inverted neutrino mass matrix,”
Physics Letters B, vol. 609, no. 3-4, pp. 317–322, 2005.

[23] E. I. Lashin and N. Chamoun, “Zero minors of the neutrino
mass matrix,” Physical Review D: Particles, Fields, Gravitation
and Cosmology, vol. 78, no. 7, Article ID 073002, 2008.

[24] E. I. Lashin and N. Chamoun, “One vanishing minor in the
neutrino mass matrix,” Physical Review D: Particles, Fields,
Gravitation and Cosmology, vol. 80, no. 9, Article ID 093004,
2009.

[25] J. Liao, D. Marfatia, and K. Whisnant, “Texture and cofactor
zeros of the neutrino mass matrix,” Journal of High Energy
Physics, vol. 13, Article ID 1409, 2014.

[26] W. Wang, “Neutrino mass textures with one vanishing minor
and two equal cofactors,”The European Physical Journal C, vol.
73, article 2551, 2013.

[27] S. Dev, R. R. Gautam, and L. Singh, “Hybrid textures of the
right-handed Majorana neutrino mass matrix,” Physical Review
D: Particles, Fields, Gravitation and Cosmology, vol. 88, Article
ID 033008, 2013.

[28] S. Dev, R. R. Gautam, L. Singh, and M. Gupta, “Hybrid textures
of the right-handed Majorana neutrino mass matrix,” Physical
Review D: Particles, Fields, Gravitation and Cosmology, vol. 90,
Article ID 013021, 2014.

[29] S. Dev, S. Gupta, R. R. Gautam, and L. Singh, “Near maximal
atmospheric mixing in neutrino mass matrices with two van-
ishing minors,” Physics Letters B, vol. 706, no. 2-3, pp. 168–176,
2011.

[30] W.Grimus andP.O. Ludl, “Maximal atmospheric neutrinomix-
ing from texture zeros and quasi-degenerate neutrino masses,”
Physics Letters B, vol. 700, no. 5, pp. 356–361, 2011.

[31] J. Liao, D. Marfatia, and K. Whisnant, “Dual models of the
neutrino mass spectrum,” Physical Review D: Particles, Fields,
Gravitation and Cosmology, vol. 89, no. 1, Article ID 013009,
2014.

[32] J. Liao, D. Marfatia, and K.Whisnant, “Seesawmechanism with
four texture zeros in the neutrino Yukawa matrix,” Physical
Review D: Particles, Fields, Gravitation and Cosmology, vol. 87,
no. 7, Article ID 073013, 2013.

[33] J. Liao, D. Marfatia, and K. Whisnant, “One diagonal texture or
cofactor zero of the neutrino mass matrix,” Physical Review D:
covering particles, fields, gravitation, and cosmology, vol. 88, no.
3, Article ID 033011, 2013.

https://arxiv.org/abs/1708.01186
https://arxiv.org/abs/1708.01186


Research Article
Neutrino Mass and the Higgs Portal Dark Matter in the ESSFSM

Najimuddin Khan 1,2

1Theoretical Physics Division, Physical Research Laboratory, Ahmedabad 380009, India
2Centre for High Energy Physics, Indian Institute of Science, Bangalore 560012, India

Correspondence should be addressed to Najimuddin Khan; khanphysics.123@gmail.com

Received 20 November 2017; Accepted 8 February 2018; Published 13 March 2018

Academic Editor: Farinaldo Queiroz

Copyright © 2018 Najimuddin Khan. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited. The
publication of this article was funded by SCOAP3.

We extend the standard model with three right-handed singlet neutrinos and a real singlet scalar. We impose two 𝑍2 and 𝑍�耠2
symmetries. We explain the tiny neutrino mass-squared differences with two 𝑍2- and 𝑍�耠2-even right-handed neutrinos using type
I seesaw mechanism.The 𝑍2-odd fermion and the 𝑍�耠2-odd scalar can both serve as viable dark matter candidates. We identify new
regions in the parameter space which are consistent with relic density of the dark matter from recent direct search experiments
LUX-2016 and XENON1T-2017 and LHC data.

1. Introduction

The found Higgs boson at the Large Hadron Collider (LHC)
[1–3] completes the search for the particle content of the
standard model (SM). The hierarchy problem related to the
Higgs boson mass has motivated a plethora of models such
as supersymmetry, and extra dimensions in which the fine-
tuning is reconsidered. However, an inevitable consequence
of these models is that the new physics should lie close to the
TeV scale. Nonobservations [4] of any new physics from the
collider experiments imply that the Higgs hierarchy issue is
reverting back to being an unsolved open problem.

In addition, the SM is unable to explain some physical
phenomena in nature such as the existence of massive
neutrinos, the presence of dark matter (DM), the observed
matter-antimatter asymmetry, and so forth. In the SM, by
construction, the neutrinos aremassless as it does not include
right-handed neutrinos. However, from the neutrino oscilla-
tion experiments, we got convinced that at least twoneutrinos
have nonzero mass. The neutrino oscillation experiments
have given information about the mass-squared differences
between neutrino mass eigenstates. However the individual
value of the masses is not yet known. It has been seen that
the sum of the three neutrino masses is less than ∼0.1 eV [5–
7] which is consistent with the cosmological measurements.
Individual masses and the basic nature of neutrinos, that is,

whether they areDirac orMajorana particles, are still an open
question.

As neutrino masses are very tiny compared to the
other fermion masses, it is believed that the mechanism
behind neutrino mass generation is different from the other
fermions. The other fermions are obtained mass through the
Higgs mechanism. The most popular natural explanation of
small neutrino masses is the seesaw mechanism. There are
broadly three classes of such models, namely, type I, type II,
and type III seesaw models requiring involvement of right-
handed neutrinos, a 𝑆𝑈(2)�퐿 triplet scalar with hypercharge𝑌 = 2 and 𝑆𝑈(2)�퐿 hyperchargeless triplet fermions, respec-
tively. The minimal scenario in this respect is the canonical
type I seesaw mechanism, in which the SM is extended by
a right-handed Majorana neutrinos [8–14]. The TeV-scale
seesaw mechanism has been discussed in [15–17]. Including
extra scalar fields, it has been studied in [18–21].

Various kinds of astrophysical observations, such as ano-
malies in the galactic rotation curves, gravitational lensing
effects in the Bullet cluster, and excess gamma rays (The
excess gamma rays from the galactic centers may come
from other sources like pulsars.) from the galactic centers,
have indicated the existence of DM in the Universe. The
cosmological measurements of tiny anisotropies in Cosmic
Microwave Background Radiation (CMBR) by the WMAP
and Planck Collaboration [5] suggest that the Universe is
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made of 69% dark energy, 27% dark matter, and 4% ordinary
matter.

Astrophysical and cosmological data can tell us about the
total amount/density of the DM of the Universe. There is still
no consensus onwhat it is composed of and the properties are
still unknown.The possibilities of different kinds of baryonic
or nonbaryonic DM candidates have been discussed in [22].
The weakly interacting massive particles (WIMPs) are the
best viable DM candidates. No evidence of the WIMP has
been found from the direct detection experiments such as
XENON100 [23], LUX [24, 25], and XENON1T [26]. As these
DM-nucleon scattering experiments still have not found any
signature in the detector, these experiments have ruled out
low mass (10–50GeV) regions in the parameter space of a 𝑍-
and Higgs ℎ-portal DM. Recent LUX-2016 [25] data has also
excluded the mass range 65–550GeV of a ℎ-portal fermionic
(it depends on the mixing angle between Higgs and singlet
scalar) DM model [27] and scalar DM models [27–29]. It
indicates that wemay need themulticomponentDMparticles
to explain the experimental data. We may detect these DMs
in the more efficient detector in the future experiments.
Multicomponent DM model is needed [30] to explain the
Galactic Center gamma ray excess [31] and the colliding
galaxy cluster [32–34] simultaneously. Multicomponent DM
models have been considered in [35, 36] in various models
which also include neutrino, Axion, and supersymmetric
particles. Various models with two WIMP candidates could
lead to typical signatures at differentmass scale and have been
studied in [37–58].

We add three right-handed 𝑆𝑈(2) singlet fermions and
a singlet scalar to the SM. We also impose two 𝑍2 and𝑍�耠2 symmetries. All SM and the first two fermion fields are
even under these 𝑍2 and 𝑍�耠2 transformations. The Dirac
mass terms can be formed using these fermions and the SM
neutrinos. We use type I seesaw mechanism to explain the
tiny neutrinomass-squared differences and themixing angles
which are observed by the neutrino oscillation experiments.
The third 𝑍2-odd fermion and 𝑍�耠2-odd scalar both can serve
as viable DM particles in this work. Moreover, the requisite
rate of annihilation is ensured by postulating some 𝑍2 and𝑍�耠2 preserving dimension-four and dimension-five operators
for the scalar and fermion particles, respectively. The four-
point interaction term of the extra fermions and scalar can
be obtained from other five-dimensional operators [59]. The
interaction term of the third fermion and the scalar allows
a larger region of the parameter space than what we would
have had with a single DM particle (either fermion or scalar)
alone.This interplay brings an enriched DMphenomenology
compared to the other models having fermion or scalar DM
particle.The region of DMmasses 65–550GeV of a fermionic
or scalarHiggs portal DMmodel is excluded from the present
LUX experimental data. In this model, we show that the
region with masses 50–550GeV up to 300 TeV is still allowed
by the direct search experiments. Hence, we feel a desirable
feature of our model for future study.

Theplan of the paper is as follows. In Section 2, we present
the theoretical framework of our extended singlet scalar
fermionic standard model (ESSFSM). We also discuss the

Table 1: The 𝑍2 × 𝑍�耠2 quantum numbers. 𝑢 represents the 𝑢𝑝-𝑡𝑦𝑝𝑒
quarks of the three generations 𝑢, 𝑐, 𝑡 and 𝑑 stand for the 𝑑𝑜𝑤𝑛-𝑡𝑦𝑝𝑒
quarks 𝑑, 𝑠, 𝑏. The charged leptons are denoted by 𝑙 = 𝑒, 𝜇, 𝜏with the
corresponding left-handed neutrinos ]�푙.Φ is the SM Higgs doublet.𝐺+ (𝐺0) stand for the charged (neutral) Goldstone boson. 𝐿,𝑅 stand
for left- and right-handed chirality of fermions.

Fields
Charged under 𝑆𝑈(2) × 𝑍2 × 𝑍�耠2

transformation𝑆𝑈(2) 𝑍2 𝑍�耠2
𝑄�퐿 = (𝑢�퐿𝑑�퐿) 2 1 1
𝑢�푅, 𝑑�푅 1 1 1
𝐿 = (]�푙𝑙−) 2 1 1
𝑙�푅 1 1 1
Φ = ( 𝐺+ℎ + V + 𝑖𝐺0√2 ) 2 1 1
]�푠,1, ]�푠,2 1 1 1
]�푠,3 1 −1 1𝑆 1 1 −1
diagonalization procedure to get the neutrino mass matrix
and the relic density calculation of two dark matter particles.
We show the detailed constraints on this model in Section 3.
We present our numerical results and show the allowed
region in the parameter spaces from the neutrino mass and
mixing angle, relic density, and direct detection in Section 4.
Finally, we conclude in Section 5.

2. Theoretical Framework of the Model

In this section, we give a description of our model. We
add three right-handed neutrinos and a scalar to the SM
Lagrangian. These extra particles are singlet under 𝑆𝑈(2)
transformation. We impose two 𝑍2 and 𝑍�耠2 symmetries such
that the SM fields and first two right-handed neutrinos are
even under these𝑍2 and𝑍�耠2 transformations.The third right-
handed neutrino is odd (even) under 𝑍2 (𝑍�耠2) transforma-
tion whereas the scalar field is even (odd) under 𝑍2 (𝑍�耠2)
transformation. The 𝑍2 × 𝑍�耠2 quantum numbers of the SM
fields and extra right-handed neutrinos and scalar fields are
summarized in Table 1. The 𝑍2 × 𝑍�耠2-even neutrinos are free
to mix with the usual SM neutrinos and therefore generate
the neutrinomasses through type I seesawmechanism.These
symmetries prohibited the coupling of an odd number of the
third fermion and/or the scalar particle to the SM particles.
The part of Lagrangian that is invariant under 𝑆𝑈(2)×𝑈(1)×𝑍2 × 𝑍�耠2 transformation is given by

L = 𝑖2]�푠,�푎�𝜕]�푠,�푎 − 12𝑀]𝑠,𝑎]�푠,�푎]
�푐
�푠,�푎 + 12𝜕�휇𝑆𝜕�휇𝑆 − 𝜇�푆2 𝑆2

− 𝜆�푆4! 𝑆4,
(1)
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where summation over 𝑎 is implied, with 𝑎 = 1, 2, 3 denoting
generation indices for the right-handed fermions. 𝑐 stands for
the charge conjugation. The mutual interaction terms of the
SMHiggs, left-handed leptons, the extra scalar, and fermions
are given by

Lmix = −𝑌],�푎�푏𝐿�푎Φ�푐]�푠,�푏 −𝑀]𝑠 ,�푚�푛]�푠,�푚]
�푐
�푠,�푛 − 𝜅2 |Φ|2 𝑆2

+ 𝐶ℎ,�푚�푛Λ ℎ,�푚�푛 |Φ|2 ]�푠,�푚]�푐�푠,�푛 + 𝐶ℎ,�푎Λ ℎ,�푎 |Φ|2 ]�푠,�푎]�푐�푠,�푎
+ 𝐶�푆,�푚�푛Λ �푆,�푚�푛 𝑆2]�푠,�푚]�푐�푠,�푛 + 𝐶�푆,�푎Λ �푆,�푎 𝑆2]�푠,�푎]�푐�푠,�푎 + h.c.

(2)

Φ is the SM Higgs doublet, Φ ≡ (𝐺+, (V + ℎ + 𝑖𝐺0)/√2)�푇,
where 𝐺± and 𝐺0 are the Goldstone bosons, and ℎ is the SM
Higgs. Φ�푐 stands for charge conjugate of Φ. 𝐿 ≡ (]�푙, 𝑙)�푇 with𝑙 = 𝑒, 𝜇 and 𝜏 being the left-handed lepton doublet. 𝑏 = 1, 2
does not assume the third index as the third fermion is odd
under 𝑍2-symmetry. The indices 𝑚 ̸= 𝑛 = 1, 2; hence the
second term in (2) generates the mixing mass term between
two 𝑍2- and 𝑍�耠2 -even neutrinos. After electroweak (EW)
symmetry breaking, the fourth term, that is, the dimension-
five operator also gives an additional mixing mass term. The
Higgs to extra neutrinos couplings are also generated from
the dimension-five operators (fourth and fifth term in (2)).
This will lead to the Higgs boson decay into these extra
neutrons. As the 𝑍2- and 𝑍�耠2-even neutrinos are considered
to be very heavy, the partial decay width of the Higgs to these
neutrinos is zero. As we are allowing these dimension-five
operators in the Lagrangian, for completeness, we also add
the other dimension-five operators (𝐶�푆,�푚�푛/Λ �푆,�푚�푛)𝑆2]�푠,�푚]�푐�푠,�푛
and (𝐶�푆,�푎/Λ �푆,�푎)𝑆2]�푠,�푎]�푐�푠,�푎, which in turn give more room in
the parameter space to maneuver. In this work, we focus
on the dominant dimension-five operators related to the
neutrino and Higgs portal dark matter physics, that is, those
involving at least one Higgs and neglecting other possible
operators which are allowed by the SM gauge and 𝑍2 × 𝑍�耠2
symmetries. Λ’s are the cut-off scales for the new physics.
In our calculation, we assume Λ ℎ,�푎 = Λ �푆,�푎 = Λ ℎ,�푚�푛 =Λ �푆,�푚�푛 ≡ Λ. 𝐶ℎ,�푎, 𝐶�푆,�푎, 𝐶ℎ,�푚�푛, and C�푆,�푚�푛 are dimensionless
coupling parameters. The cut-off scale Λ and 𝐶ℎ,12 and the
Yukawa couplings 𝑌],�푎�푏 are important to explain the neutrino
oscillation observables, whereas Λ, 𝐶ℎ,3, 𝐶�푆,3, and 𝜅 could
change the masses and coupling strength of DM particles to
the Higgs. In addition, these could alter the self-annihilation
interaction probability of the heavier DM particles into the
lighter DM particles. Hence, these parameters play a crucial
role to calculate the relic density of the DM particles ]�푠,3 and𝑆. The masses of the DM particles are given by

𝑀]𝑠,3 = 𝑀]𝑠,3 − 𝐶ℎ,3Λ V2,
𝑀2�푆 = 𝜇2�푆 + 12𝜅V2,

(3)

and the coupling strength of the DM candidates with the
Higgs can be written as

ℎ]�푠,3]�푠,3 : 𝐶ℎ,3Λ ,

ℎ𝑆𝑆 : 𝜅2V.
(4)

The parameter 𝐶�푆,3 is responsible for the annihilation of𝑆𝑆 ↔ ]�푠,3]�푠,3. This process reduces the number density of the
heavier DM till the freeze-out.

It is also important to note that the gauge boson𝐵�휇 and/or𝑊�푖�휇 interactions terms are not present in the kinetic part of the
Lagrangian (see (1)). Therefore, this model does not have any
extra gauge-boson contribution to theDM-nucleus scattering
cross section which is allowing larger region in the parameter
space from the direct detection experiments. This is the
specialty of the presence of real singlet scalar and fermion in
the ESSFSM.

2.1. Diagonalization Procedure of Type I Seesaw Matrix and
Nonunitarity of PMNS Matrix. Here, we show the diagonal-
ization procedure [60, 61] of type I seesaw mechanism to
generate tiny neutrino mass-squared difference [62, 63]. In
this model, 5×5 neutrinomass matrix in the basis (]�푙, ]�푠) can
be written as

𝑀] = ( 0 𝑀�퐷𝑀�푇�퐷 𝑀]𝑠

) , (5)

where the Dirac mass𝑀�퐷 andMajorana mass𝑀]𝑠 terms can
be written as

𝑀�퐷 = (𝑌],11V 𝑌],12V𝑌],21V 𝑌],22V𝑌],31V 𝑌],32V),
𝑀]𝑠 = (𝑀11 𝑀12𝑀12 𝑀22) .

(6)

Here,𝑀11 = 𝑀]𝑠 ,1 − (𝐶ℎ,1/Λ)V2,𝑀22 = 𝑀]𝑠 ,2 − (𝐶ℎ,2/Λ)V2,
and𝑀12 = 𝑀]𝑠 ,12 − (𝐶ℎ,12/Λ)V2

Using 5×5 unitary matrices [64, 65], one can diagonalize
the neutrino mass matrix𝑀] in (5). It is given by

𝑈�푇𝑀]𝑈 = 𝑀diag
] , (7)

where𝑀diag
] = diag(𝑚�푖,𝑀�푗) with mass eigenvalues 𝑚�푖 (𝑖 =1, 2, 3) for three light neutrinos and 𝑀�푗 (𝑗 = 1, 2) for two

heavy neutrinos, respectively. In this calculation, we have two
nonzero mass eigenstates of light neutrinos. We consider 𝑚1
to be zero. In the limit 𝑀2�퐷 ≪ 𝑀2]𝑠 , the matrix 𝑈 can be
expressed as follows [61]:

𝑈 = 𝑊𝑇 = (𝑈�퐿 𝑉𝑆 𝑈�퐻)
= ((1 − 12𝜖)𝑈] 𝑀∗�퐷 (𝑀−1]𝑠 )∗𝑈�푅−𝑀−1]𝑠 𝑀�푇�퐷𝑈] (1 − 12𝜖�耠)𝑈�푅 ),

(8)
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where 𝑈�퐿, 𝑉, 𝑆 and 𝑈�퐻 are 3 × 3, 2 × 3, 3 × 2 and 2 × 2
matrices, respectively, which are not unitary. The unitary𝑊
matrix which brings the full 5×5 neutrinomatrix in the block
diagonal forms as

𝑊�푇( 0 �̂��퐷𝑀�푇�퐷 𝑀]𝑠

)𝑊 = (𝑚light 00 𝑀heavy
) . (9)

Another unitary matrix 𝑇 = diag(𝑈], 𝑈�푅)matrix again diag-
onalizes the mass matrices in the light and heavy sectors are
appearing in the upper and lower block of the block diagonal
matrix, respectively. In the above-stated limit, one can then
write the light neutrino mass matrix to the leading order as

𝑚light = 𝑀�퐷𝑀−1]𝑠 𝑀�푇�퐷. (10)

In (8), 𝑈�퐿 corresponds to the PMNS matrix which ac-
quires a nonunitary correction (1 − 𝜖/2) due to the presence
of heavy neutrinos. The characterizations of nonunitarity are
denoted by the notations 𝜖 and 𝜖�耠. These are given by the
following [60]:

𝜖 = 𝑀∗�퐷𝑀−1∗]𝑠 𝑀−1]𝑠 𝑀�푇�퐷,𝜖�耠 = 𝑀−1]𝑠 𝑀�푇�퐷𝑀∗�퐷𝑀−1∗]𝑠 . (11)

2.2. Relic Density Calculation of the Two-Component Dark
Matter. In order to calculate the relic abundance of two-
component DM in the present formalism, we need to solve
the relevant coupled Boltzmann equations [66]:𝑑𝑛]𝑠,3𝑑𝑡 + 3𝐻𝑛]𝑠,3

= − ⟨𝜎V⟩]𝑠,3]𝑠,3→�푋�푋 (𝑛2]𝑠,3 − 𝑛2]𝑠,3eq)
− ⟨𝜎V⟩]𝑠,3]𝑠,3→�푆�푆(𝑛2]𝑠,3 − 𝑛2]𝑠,3eq𝑛2�푆eq 𝑛2�푆) ,𝑑𝑛�푆𝑑𝑡 + 3𝐻𝑛�푆

= − ⟨𝜎V⟩�푆�푆→�푋�푋 (𝑛2�푆 − 𝑛2�푆eq)
− ⟨𝜎V⟩�푆�푆→]𝑠,3]𝑠,3 (𝑛2�푆 − 𝑛2�푆eq𝑛2]𝑠,3eq 𝑛2]𝑠,3) ,

(12)

where 𝑍2-even (SM, ]�푠,2 and ]�푠,2) particles are denoted by𝑋.
In addition, the heavier 𝑋 can decay into lighter particles.⟨𝜎V⟩ is the average effective annihilation cross sections of the
DM candidates which include all 𝑛 ≥ 2-body final state par-
ticles. The first term on the right-hand side of (12) indicates
the contribution of annihilation to SM particles whereas the
second term in both equations takes care of the contribution
of the self-scattering of DM particles.The contributions from
the processes ]�푠,3𝑆 → ]�푠,3𝑆 are zero as it does not alter the
number density. In the very early Universe, both of the DM
candidates are in thermal and chemical equilibrium. In the

nonrelativistic case, if the temperature𝑇of theUniverse is less
than the DM masses, then the equilibrium number density
takes the form 𝑛DMeq = (𝑀DM𝑇/2𝜋)3/2 exp(−𝑀DM/𝑇). As
the temperature was falling down, some species are decou-
pled and contributing to the relic density. The heavier DM
candidate particle decouples earlier than the lighter one. In
the present Universe, they both were frozen out and giving a
partial contribution in the total relic abundance Ωtot. If the
individual contributions of the fermion and scalar are Ω]𝑠,3
andΩ�푆, then the total relic abundance Ωtot can be written asΩDM = Ω]𝑠,3 + Ω�푆, (13)

where Ω]𝑠,3 = (𝑀]𝑠,3/𝜌�푐)𝑛]𝑠,3(𝑇0) and Ω]𝑠,3 = (𝑀�푆/𝜌�푐)𝑛�푆(𝑇0).𝜌�푐 ∼ 1.05 × 10−5ℎ2 GeVcm−3 stands for the critical density of
the present Universe; ℎ = 0.72 is the Hubble parameter. 𝑛(𝑇0)
is the number density of the DM at temperature 𝑇0 today.

One can note that if the masses of the DM particles
are degenerate, then the Boltzmann equations (12) become
decoupled; that is, self-scattering cross sections of the process
]�푠,3]�푠,3 ↔ 𝑆𝑆 are very small compared to the self-annihilation
cross section of the DM. These equations describe the evo-
lution of each DM independently. In our calculation, we use
themicrOMEGAs [66] and solve the above coupledBoltzmann
equations to calculate the individual number density of the
DM particles in the present Universe.

3. Constraints on the Model

The parameter spaces of this model are constrained from
various theoretical considerations like absolute vacuum sta-
bility, perturbation, and unitarity of the scattering matrix.
The absolute stability of the Higgs potential demands that
the scalar potential should not approach to negative infinity
along any direction of the field space at large field values.The
required conditions are 𝜆 > 0, 𝜆�푆 > 0, and 𝜅 > −√2𝜆𝜆�푠/√2,
where 𝜆 is the Higgs quartic coupling [29]. Lagrangian of our
model remains perturbative [67, 68] for |𝜆| ≲ 4𝜋/3, |𝜅| ≲8𝜋, |𝜆�푆(Λ)| ≲ 8𝜋, 𝐶ℎ,�푎 ≲ 8𝜋, and 𝐶�푆,�푎 ≲ 8𝜋. The parameters
of the scalar part of Lagrangian (see (1) and (2)) of this model
are constrained by the unitarity of the scattering matrix (S-
matrix). One can obtain the S-matrix by using various scalar-
scalar, gauge boson-gauge boson, and scalar-gauge boson
scattering amplitudes. We use the equivalence theorem [69–
71] to reproduce the S-matrix for this model [68].The unitary
bounds demand that the eigenvalues of this matrix should
be less than 8𝜋 which imply 𝜆 ≤ 8𝜋 and |12𝜆 + 𝜆�푆 ±√16𝜅2 + (−12𝜆 + 𝜆�푆)2| ≤ 32𝜋.

The observed neutrino mass-squared differences and
mixing angles by the neutrino oscillation experiments put
stringent constraints on the parameter space of this model.
The Higgs signal strength and the decay width measured by
the LHC, the relic density, and direct-indirect searches of DM
all alone restrict the allowed parameter space considerably.
We discuss these in the following.

3.1. Bounds from theNeutral FermionMass andMixingAngles.
The global analysis of neutrino oscillation measurements
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provides the neutrino oscillation parameters for both normal
and inverted hierarchies scenario. These can be found in
[62, 63]. The measurements of the electroweak precision
observables along with other experimental data put severe
constraints on the light neutrino mixing matrix 𝑈�퐿. The
detailed analysis has been given in Refs [72, 73].

The L3 collaboration at the LEP had analyzed the decay
channels 𝑁 → 𝑒±𝑊∓ to find the evidence of the heavy neu-
trino. No signature had been found for the mass range in
between 80GeV ( with |𝑉�훼�푖|2 ≤ 2 × 10−5) and 205GeV ( with|𝑉�훼�푖|2 ≤ 1) [74]. 𝑉 is the light-heavy mixing matrix, given
in (8). This puts a lower bound on the mass of the heavy
neutrino and the mixing matrix elements 𝑉�훼�푖. |𝑉�훼�푖|2 ≳ 10−5
and 3 < 𝑀1,2 < 𝑀�푍 regions have also been ruled out from
the invisible decay width of the 𝑍-boson [75–77].

The experimental data [78] Br(𝜇 → 𝑒𝛾) < 4.2 × 10−13 of
the flavor changing decay processes has restricted the arbi-
trary Yukawa coupling 𝑌]. In this model, the branching ratio
can be written as follows [79]:

Br (𝜇 → 𝑒𝛾) = 3𝛼8𝜋 𝑉�푒�푖𝑉†�푖�휇𝑓 (𝑥)2 , (14)

where 𝑥 = (𝑀2�푖 /𝑀2�푊), 𝑖 = 1, 2, stands for the mass of heavy
neutrinos and 𝑓(𝑥) is the slowly varying function can be
found in [79].

3.2. Bounds from the Higgs Signal Strength at the LHC.
The dominant contribution of the Higgs ℎ-production cross
section is coming through the gluon fusion. In this work, the
Higgs to diphoton signal strength 𝜇�훾�훾 can be written as

𝜇�훾�훾 ≃ 𝜎 (𝑔𝑔 → ℎ → 𝛾𝛾)ESSFSM𝜎 (𝑔𝑔 → ℎ → 𝛾𝛾)SM
= 𝜎 (𝑔𝑔 → ℎ)ESSFSM𝜎 (𝑔𝑔 → ℎ)SM Br (ℎ → 𝛾𝛾)ESSFSM

Br (ℎ → 𝛾𝛾)SM . (15)

The production cross section of ℎ is the same as in the SM.
Then 𝜇�훾�훾 can be written as

𝜇�훾�훾 = Γtotalℎ,SMΓtotal
ℎ,ESSFM

, as
Γtotalℎ𝑀ℎ → 0. (16)

As we do not have any extra charged particle, the decay widthΓ(ℎ → 𝛾𝛾) is the same as in the SM. If the extra particles
(scalar and fermions) have the mass less than half of the
Higgs mass𝑀ℎ/2, then the diphoton signal strength could be
changed due to the invisible decay of the Higgs boson. Using
the global fit analysis [80] that such an invisible branching
ratio is less than ∼20%, so the decay width in (16) provides a
suppression of about ∼80–100 percent.The present combined
value of𝜇�훾�훾 by theATLAS andCMS collaborations is 1.14+0.19−0.18
[81]. As the partial decay width of the Higgs to the heavy𝑍2- and 𝑍�耠2-even neutrinos is zero, it cannot alter 𝜇�훾�훾. We
also check that the mass region 𝑀DM < 55GeV of the 𝑍�耠2-
odd scalar and 𝑍2-odd neutrino DM along with |𝜅| ≳ 0.004
and/or |𝐶ℎ,3| ≳ 0.2 is excluded at 2𝜎.

3.3. Relic Density and Direct Search Limits. The relic density
of DM all alone restricts the allowed parameter space.
The parameter space of this model should also satisfy the
combined WMAP and Planck [82] imposed dark matter
relic density constraint Ωtotℎ2 = 0.1198 ± 0.0026. In our
calculation, we use the micrOMEGAs [66] to calculate the total
relic density of the two DM particles. In this model, we find
the correct relic density for the dark matter particles mass𝑀DM < 55GeV. However, these regions in the parameter
spaces are ruled out from the invisible Higgs decay width and
direct search data. In the following, we discuss the detailed
constraints from direct detection of two-component dark
matter particles.

The WIMPs, in particular, those that have nonvanishing
weak interactions with the SM and therefore can be tested.
They are actively being searched for in the direct detection
experiments which look for their nuclear scatterings in the
deep underground detectors. If the DM scatters from atomic
nucleus, then it leaves their signature in form of a recoiled
nucleus. However, no confirmed detection of the DM in the
experimental laboratory has beenmade so far. If a discovery is
within the reach of a near-future direct detection experiment,
then these experiments will be able to constrain the WIMP
properties such as its mass, DM-nucleus scattering cross
section, and possibly spin.

As we have two-component DM, it is very difficult
to distinguish these DM particles in the direct detection
experiment. The local number density of the DM particles
in the solar neighborhood is important in determining the
total number of event rate in the experiment. It is not entirely
straightforward to determine which component dominates
the event rate.There have been only a fewworks regarding the
direct detection of multicomponent DM [83–85]. The signal
rate generated from two-component DM in the detector
is different compared to a single-component DM and it
completely depends on the DMmasses and local densities in
the solar neighborhood. The particle masses will determine
their individual rates (see section 3.2 of [85]) that can
distinguish one- or two-component DM if the DM particles
have different masses.

Presently, nonobservation of DM in the direct detection
experiments such as XENON100 [23], LUX [24, 25], and
XENON1T [26] sets a limit on WIMP-nucleon scattering
cross section for given DM masses. The most stringent
bound is set by the XENON1T [26] and LUX 2016 [25]
exclusion data. The region above the green line in Figure 2
is excluded. We translate the LUX exclusion data into some
allowed or excluded zones in the parameter spaces of our
model comprising𝐶ℎ,3, 𝑀]𝑠,3 , 𝜅, 𝑀�푆 and𝐶�푆,3. In thismodel,
the Feynman diagrams for the scattering of DM particles
]�푠,3, 𝑆 with the nuclei are shown in Figure 1. In the limit𝑀DM(𝑀]𝑠,3 ,𝑀�푆) ≫ 𝑀�푁, the fermion-nucleon and scalar-
nucleon scattering cross sections are roughly given by

𝜎]𝑠,3 ,�푁 = 𝑋�푁( 𝐶ℎ,3Λ𝑀]𝑠,3
)2 ,

𝜎�푆,�푁 = 𝑋�푁2 ( 𝜅𝑀�푆)
2 , (17)
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Figure 1: (a) Lowest order Feynman diagram for singlet neutrino-nucleus elastic scattering via the Higgs mediation. (b) A similar diagram
for the singlet scalar-nucleus elastic scattering.

where 𝑋�푁 = (𝑚�푟𝑚�푁𝑓/√𝜋𝑀2ℎ)2 and 𝑓 ≈ 0.3 is the form
factor of the nucleus. 𝑚�푟 represents the reduced mass of the
nucleus and the scattered DM particle.

Using (17), we calculate the DM-nucleon cross sections
for the two dark matter components of different mass. The
region in the parameter space for which DM-nucleon cross
section falls above the green line in Figure 2 is ruled out by
the recent LUX-2016 [25] exclusion data. The region above
the purple line is ruled out by the recent XENON-2017 [26]
data.

4. Numerical Results

We explain the neutrino mass using type I seesaw mech-
anism. We show that our results are compatible with the
various constraints such as the charged lepton flavor violating
decay 𝜇 → 𝑒𝛾. In addition, the extra 𝑍2-odd fermion and
the 𝑍�耠2-odd scalar both can serve as viable DM particles
producing the relic density in the right ballpark. We show
that the regions in the parameter space are consistent with the
Planck/WMAP as well as LUX-2016 and XENON-2017 data.
In this study,we useFeynRules [86] alongwithmicrOMEGAs
[66] to compute the relic density of the DM candidates ]�푠,3
and 𝑆. We will discuss these in the following.

4.1. NeutrinoOscillation Parameters. Weobtain tiny neutrino
mass through type I seesaw mechanism. We use the input
parameters such as the new Yukawa couplings 𝑌],�푖�푗 (𝑖 = 1, 2, 3
and 𝑗 = 1, 2), dimensionless couplings 𝐶ℎ,1, 𝐶ℎ,2, 𝐶ℎ,12, and
the mass terms 𝑀]𝑠 ,1, 𝑀]𝑠,2, and 𝑀]𝑠 ,12. In our calculation,
we assume cut-off scale for the new physics is Λ = 10TeV.
In order to explain successful leptogenesis [87, 88], we need
complex Yukawa coupling to have nonzero CP-violation.
The detailed discussion can be found in [61]. The presence
of the extra Majorana neutrinos will allow for neutrinoless
double 𝛽-decay [12]. In this work, we use the nonzero and
real Yukawa couplings 𝑌],12 = 𝑌],23 (≡y]). Other Yukawa
couplings are taken to zero.We chose the values of parameters𝑀]𝑠 ,12 and𝐶ℎ,12 such that the off-diagonal components of the

heavy mass matrix𝑀]𝑠 become zero (see (6)). We consider
three heavy neutrino masses O(1011)GeV, O(105)GeV, and
O(103)GeV and the corresponding three different Yukawa
couplings 𝑦] to obtain tiny the neutrino masses. We present
these benchmark points and the corresponding low-energy
variables in Table 2. These variables are consistent with the
experimental data. As the cut-off scale for the new physicsΛ is very large, the dimensionless couplings 𝐶ℎ (within per-
turbative limit) could not alter the neutrino mass consider-
ably.

4.2. New Regions in the DM Parameter Space. We have seen
that the region in the parameter space𝑀DM < O(500)GeV
of a single Higgs portal WIMP DM particle is ruled out by
the recent LUX experiment. Hence, it becomes important
to show that these regions in the parameter space are still
alive in the ESSFSM. In Table 3, we present five benchmark
points for this model which are producing right relic density
and allowed by the recent nonobservation of DM-nucleon
scattering in the LUX experiment. The DM mass regions
below the half of the Higgs mass are also consistent with
the Higgs invisible decay width [80]. If the mass difference
between the fermionic and scalar DM particles is very large,
then it is expected that lighter one will dominate over the
heavier one in contributing to the relic density. For 𝑀]𝑠,3 ≃𝑀�푆 and tiny interaction coupling 𝐶�푆,3, the contribution of
these DM particles is nearly equal to the total relic density,
whereas the interaction coupling 𝐶�푆,3 ∼ O(1) and a huge
mass difference in the DM particles with particular Higgs
portal couplings 𝜅 and 𝐶ℎ,3 can produce equal relic density
in the Universe. For example, see benchmark points I−IV.
The lighter DMmass near 60GeV will always dominate over
the heavier one because the contribution of self-annihilation
processes DM, DM → 𝑏𝑏 into the relic density is larger
than the other processes. The other processes can dominate
over the DM, DM → 𝑏𝑏 process for the choice of the
large Higgs portal coupling 𝜅. In this case, the relic density
and the direct detection data restrict such a choice of𝜅.



Advances in High Energy Physics 7

Table 2:Three lists of benchmark points used in our analysis. Using these BPs, we have obtained the outputs for ourmodel which are satisfying
all the low energy constraints.

Parameters Benchmark points for 𝑍2- and 𝑍�耠2-even fermions
BM-I BM-II BM-III𝑀11 GeV 1.2 × 1011 7.1 × 105 6.9 × 103𝐶ℎ,1 0.1 0.01 0𝑀22 GeV 1.4 × 1012 2.36 × 105 2.41 × 103𝐶ℎ,2 0.1 0.01 0𝑀12 GeV 0 0 0𝑦] 0.01 10−5 10−6

Outputs Corresponding low-energy variablesΔ𝑚221/10−5 eV2 7.5001 7.2909 7.7197Δ𝑚231/10−3 eV2 2.55234 2.63959 2.5312𝜃12 0.5883 0.5774 0.5720𝜃23 0.7953 0.7854 0.7803𝜃13 0.1476 0.1473 0.1469𝛿PMNS rad 10−5 10−4 10−3𝛼 rad 1.7 1.8 1.9𝑚�푖 eV 0, 0.0087, 0.0505 0, 0.0085, 0.0514 0, 0.0088, 0.0505
Br(𝜇 → 𝑒𝛾) 3.0 × 10−48 1.9 × 10−37 1.69 × 10−33
Table 3: Lists of benchmark points used in our analysis. Using these BPs we obtain the relic density in the right ballpark allowed by LUX-2016
direct detection data.

Benchmark points Parameters Relic densityΩℎ2 Percentage of DM DM-N cross section in [zb]𝑀]𝑠,3 GeV 𝐶ℎ,3 𝑀�푆 GeV 𝜅 𝐶�푆,3 Fermion Scalar Fermion Scalar
BP-I 260 0.05 59 0.0015 0.1 0.1271 39.12 61.88 0.33 0.0054
BP-II 130 0.01 60 0.001 0.1 0.1263 40.68 59.32 0.013 0.0023
BP-III 86 −0.01 59.8 0.0012 0.1 0.1129 53.10 46.90 0.013 0.0033
BP-IV 62 −0.01 60.9 0.0016 0.1 0.1156 69.76 30.24 0.013 0.0058
BP-V 59 0.02 250 0.0025 0.1 0.1201 99.6 0.4 0.053 0.0008
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Figure 2: WIMP-nucleon cross section versus DM mass keeping 𝐶�푆,3 = 0.1. The gray region indicates the neutrino background. Note that
each plot contains only 107 data (red) points. Larger data points can fill the gap between the red bands.
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Figure 3: Percentage of DM contributing to the total relic density. Red points correspond to the fermionic DM contributions whereas blue
points correspond to the singlet scalar.

In order to find the favored regions in the parameter
space which satisfies DM relic density constraints and the
recent LUX direct detection data, in Figure 2, we present two
contour plots of relic density Ωℎ2 in the DM-nucleon cross
section versus mass plane. The red points are consistent with
the relic density Ωℎ2 = 0.1198 ± 0.0026 within 3𝜎. We vary𝐶ℎ,3 from −0.7 to 0.7 and 𝜅 from 0 to 0.75 to obtain Figure 2.
We also fix the coupling 𝐶�푆,3 = 0.1 in these plots.

In Figure 2(a), we vary the scalar DM mass between
55GeV and 65GeV and the fermion DM mass between 40
and 1000GeV. In Figure 2(b), we take the variation of the
fermionic DM mass between 55GeV and 65GeV and the
scalar mass between 40 and 1000GeV. We find that a large
region in the parameter space satisfies the bound on WIMP-
nucleon cross section as imposed by the recent LUX-2016
and XENON-2017 experimental data. We find that the scalar
DM mass 𝑀�푆∼60Gev provides the dominant contributions
in the relic density. The contribution decreases with 𝑀�푆.
However, we need this scalar part to achieve the relic density
as observed by the WMAP/Planck. In the second case, the
fermionic contribution remains the same (∼50%) in the
region 55 ≲ 𝑀�푆 ≲ 65GeV. We show these variations of
the DM contribution in Figure 3 with the DM mass. The
red points indicate the fermionic contribution whereas blue
points stand for the scalar contribution to the correct relic
density (Ωℎ2 = 0.1198 ± 0.0026) within 3𝜎.
5. Conclusion

In this paper, using two right-handed singlet fermions, we
have explained the neutrino mass through type I seesaw
mechanism. We have chosen three representative “bench-
mark points” of three different Majorana mass parameter

spaces (∼103, 106, and 1012) and particular structure of the
Yukawa couplings matrix, that is, the Dirac mass matrix to
explain the neutrino mass-squared differences as observed
by the neutrino experiments. We have also calculated the
PMNS mixing angles and the other low-energy variables,
that is, nonunitary constraints on the PMNSmatrix and LFV
constraints from 𝜇 → 𝑒𝛾. The combinations of the new
Yukawa couplings and the heavy neutrino mass satisfied the
neutrino mass and mixing angles constraints [89].

In the presence of 𝑍2 and 𝑍�耠2 symmetries, we have also
analyzed the two-component Higgs portal self-annihilating
dark matter particles. The regions of mass 65–550GeV of
a Higgs portal fermionic or scalar dark matter models are
excluded by the recent LUX experiment. In this model, we
have shown that the regions of the parameter space with
two-component dark matter particles are still allowed from
direct search experiment and the WMAP/Planck data. For
different fermionic Higgs portal coupling 𝐶ℎ,3 and fermion
dark matter mass, we have obtained viable scalar dark matter
mass between 50GeV and ∼300 TeV. We have also obtained
the similar region of fermionic dark matter mass for different
scalar Higgs portal coupling 𝜅. The unitary bounds are
violated the dark matter mass above 300 TeV [90]. Here, we
do not intend to show that all the parameter spaces satisfy the
experimental results. Rather, in the framework of our model,
we have wanted to use the advantage of a two-component
dark matter which has a large region of parameter spaces
satisfying the constraint of various dark matter experiments.

The model ESSFSM is considered here to present the
minimal seesaw mechanism and two-component dark mat-
ters in terms of particles content. This model can explain
the observed tiny neutrino mass-squared differences and the
mixing angles in oscillation experiments. The regions in the



Advances in High Energy Physics 9

parameter space are also consistent with the relic density of
dark matter observed by the Planck, WMAP experiments,
and the recent null results of the WIMPs dark matter from
the direct search LUX-2016 and XENON-2017 experiments.
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