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The neutrino masses and flavor mixings, which are missing in the Standard Model (SM), can
be naturally incorporated in the type-I seesaw extension of the SM with heavy Majorana neutrinos being singlet under the SM gauge group. If the heavy Majorana neutrinos are around the
electroweak scale and their mixings with the SM neutrinos are sizable, they can be produced at
high energy colliders, leaving characteristic signatures with lepton-number violations. Employing
the general parametrization for the neutrino Dirac mass matrix in the minimal seesaw scenario,
we perform a parameter scan and identify allowed regions to satisfy a variety of experimental
constraints from the neutrino oscillation data, the electroweak precision measurements and the
lepton-flavor violating processes. We find that the resultant mixing parameters between the heavy
neutrinos and the SM neutrinos are more severely constrained than those obtained from the current search for heavy Majorana neutrinos at the LHC. Such parameter regions can be explored at
the High-Luminosity LHC and a 100 TeV pp- collider in the future.
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1. Introduction

with ε = R ∗ R T and UMNS is the neutrino mixing matrix which diagonalizes the light neutrino
T
mass matrix asUMNS
mν UMNS = diag(m1 , m2 , m3 ). In the presence of ε, the mixing matrix N is
not unitary, namely N † N 6= 1. We can insert these forms into the charged and neutral current
interactions of the SM sector with the heavy neutrinos in the mass eigenstates are given in [2].
Through the mixing Rαi , the heavy neutrinos can be produced at high energy colliders as studied
in [3, 4, 5] at the Large Hadron Collider (LHC) and ILC [5, 6, 7, 8].

2. General parameters
The elements of the matrices N and R are constrained by the experimental data. In this paper
we adopt the current neutrino oscillation data from[9, 1]. The neutrino mixing matrix is known as
1

PoS(ICHEP2018)572

With the measurements of nonzero reactor angle all neutrino oscillation data expect the Dirac
CP-phase have been determined in [1], which indicate physics beyond the Standard Model (SM).
The famous type-I seesaw extension of the SM is arguably the simplest idea to naturally incorporate
the tiny neutrino masses and the flavor mixings into the SM, where heavy Majorana neutrinos
which are singlet under the SM gauge group are introduced. The heavy neutrinos are integrated
out at low energies, leading to a dimension five Weinberg operator among the SM lepton and the
Higgs doublets at low energies. After the electroweak symmetry breaking, light Majorana masses
for the SM neutrinos are generated thought the type-I seesaw mechanism. Although the heavy
Majorana neutrinos are singlet under the SM gauge group, the heavy mass eigenstates after the
seesaw mechanism couple with the weak bosons and the Higgs boson through the mixing with the
SM neutrinos. If the heavy neutrinos are around or below the electroweak scale and the mixing with
the SM neutrinos is not extremely small, the heavy Majorana neutrinos can be produced at high
energy colliders. The smoking gun collider signature of heavy neutrino production at the collider
experiments is the same-sign dilepton in the final state which reflects the lepton-number violation
due to their Majorana masses. The heavy neutrino signature, once observed at collider experiments,
can provide us with a clue to explore the origin of the neutrino masses and flavor mixings. The
mixing of the heavy neutrinos with the SM neutrinos affects not only the production cross section
at high energy colliders but also a variety of phenomenologies such as the neutrino oscillation
data, the precision measurement of weak boson decays, and the lepton-flavor-violating decays of
charged leptons, which severely constrain the mixing parameters. Therefore, in order to discuss
the possibility of the heavy neutrino production at high energy colliders, it is essential to identify
allowed regions for the mixing parameters from the current phenomenological constraints. In this
letter, for simplicity, we consider the minimal seesaw scenario and introduce two right-handed
neutrinos to the SM, which is the minimal setup to reproduce the observed neutrino oscillation data
with a prediction of one massless neutrino. Employing the general parametrization for the neutrino
Dirac mass matrix in the seesaw model, we perform a parameter scan to identify the allowed
regions for the mixing parameters. A very brief introduction on the minimal seesaw is given in
[2] where mD is the Dirac mass term and MN is the Majorana mass term. Hence we express the
light neutrino flavor eigenstate (ν) in terms of the mass eigenstates of the light (ν
 m ) andheavy
−1
(Nm ) Majorana neutrinos such as ν ' N νm + RNm , where R = mD mN , N = 1 − 12 ε UMNS
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the UP MNS which contains the neutrino flavor mixing angles, Dirac and Majorana CP phases. The
minimal seesaw scenario predicts one massless eigenstate. For the light neutrino mass spectrum,
we consider both the normal hierarchy (NH) and
the inverted
q hierarchy (IH).
 q
 In the NH case, the

diagonal mass matrix is given by DNH = diag 0, ∆m212 , ∆m212 + ∆m223 , while in the IH case
q

q
∆m223 − ∆m212 , ∆m223 , 0 . In order to make our discussion simple, we assume the
DIH = diag

N

note that ε(δ , ρ,Y ) is independent of X since O∗ OT is not a function of X. Now we perform a scan
for the parameter set {δ , ρ,Y } and identify an allowed region for which ε(δ , ρ,Y ) satisfies the
experimental constraints in ε.

3. Conclusion
The limits on the mixing angles from EWPD [13, 12], L3 [14], Higgs-LHC[15, 16] and LHC
are given in [17, 18] Comparing the our results with the existing limits we find that the upper
limits of the mixing parameters in [2] are more constrained than the EWPD (strongest for the
prompt heavy neutrinos heavier than 100GeV.) limits for the NH and IH cases for the electron and
muon flavors to produce the heavy neutrinos at the colliders.
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†
∗
, for the NH/IH cases. From this formatrix is simplified as mν = M1N mD mTD = UMNS
DNH/IHUMNS
mula, we can parameterize the neutrino Dirac mass matrix as [10]. We mention that our analysis is
√
p
∗
reliable at the tree level. mD = MN UMNS
DNH/IH O, from [2] and O is a general 2×2 orthogonal
!
cos(X + iY ) sin(X + iY )
matrix given by O =
, where X and Y are real parameters. Due to its
− sin(X + iY ) cos(X + iY )
non-unitarity, the elements of the mixing matrix N are severely constrained by the combined data
from the neutrino oscillation experiments, the precision measurements of weak boson decays, and
the lepton-flavor-violating decays of charged leptons. We update the results by using more recent
data on the lepton-favor-violating decays: |N N † | in [2] where the diagonal elements are from
the precision measurements of weak boson decays (the SM prediction is 1) while the off-diagonal
elements are the upper bounds from the lepton-favor-violating decays, namely, the (1,2) and (2,1)
elements from the µ → eγ process, the (2,3) and (3,2) elements from the τ → µγ process, and the
(1,3) and (3,1) elements
from the τ → eγ process. Since N N † ' 1 − ε, we
have the constraints on

0.006 ± 0.00625 < 1.288 × 10−5 < 8.76356 × 10−3


ε such that |ε| =  < 1.288 × 10−5 0.005 ± 0.00625 < 1.046 × 10−2  . The most stringent
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p
p
†
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we have ε(δ , ρ,Y ) = (R ∗ R T )NH/IH = M12 mD mTD = m1N UMNS DNH/IH O∗ OT DNH/IHUMNS
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