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The Majorana neutrino in the type-I seesaw and the pseudo-Dirac neutrinos in the inverse seesaw can
have sizable mixings with the light neutrinos in the standard model, through which the heavy neutrinos can
be produced at the LHC. In producing the heavy neutrinos, we study a variety of initial states such as quark-
quark, quark-gluon and gluon-gluon as well as photon mediated processes. For the Majorana heavy
neutrino production, we consider a same-sign dilepton plus dijet as the signal events. Using the recent
ATLAS and CMS data at

ffiffiffi
s

p ¼ 8 TeV with 20.3 and 19.7 fb−1 luminosities, respectively, we obtain direct
upper bounds on the light-heavy neutrino mixing angles. For the pseudo-Dirac heavy neutrino production
we consider the final sate with a trilepton plus missing energy as the signal events. Using the recent
anomalous multilepton search by CMS at

ffiffiffi
s

p ¼ 8 TeV with 19.5 fb−1 luminosity, we obtain upper bounds
on the mixing angles. Taking the varieties of initial states into account, the previously obtained upper
bounds on the mixing angles have been improved. We scale our results at the 8 TeV LHC to obtain a
prospective search reach at the 14 TeV LHC with high luminosities.

DOI: 10.1103/PhysRevD.93.033003

I. INTRODUCTION

The current neutrino oscillation data [1–6] have estab-
lished the existence of the neutrino mass and the flavor
mixing. This requires us to extend the Standard Model
(SM). The seesaw extension [7–11] of the SM is probably
the simplest idea which can naturally explain the tiny
neutrino mass. In the case of a type-I seesaw the SM is
extended by introducing a SM-singlet heavy Majorana
neutrino which induces a dimension-5 operator leading to a
very small light Majorana neutrino mass. If such a heavy
neutrino mass lies in the electroweak scale, then the heavy
neutrinos can be produced in the high energy colliders such
as the LHC and International Linear Collider [12,13]. As
the heavy neutrinos are singlet under the SM gauge group,
they obtain the couplings with the SM gauge bosons only
through the mixing with light SM neutrinos via the Dirac
Yukawa coupling. In the general parametrization for the
seesaw formula [14], the Dirac Yukawa coupling can be
sizable for the electroweak scale heavy neutrinos, while
reproducing the neutrino oscillation data.
There is another kind of seesaw mechanism, the so-

called inverse seesaw [15,16], where the small Majorana
neutrino mass originates from tiny lepton number violating
parameters, rather than the suppression by the heavy
neutrino mass in the conventional seesaw mechanism. In
this case the heavy neutrinos are pseudo-Dirac particles,
and their Dirac Yukawa couplings can be even order 1,
while reproducing the tiny neutrino mass. Thus, at the high
energy colliders the heavy pseudo-Dirac neutrino can be
produced through a sizable mixing with the SM neutrinos.

In this paper we study the heavy neutrino production at
the LHC through a variety of initial states such as quark-
quark ðqq̄0Þ, quark-gluon ðqgÞ and gluon-gluon ðggÞ as well
as the photon mediated processes. For fixed heavy neutrino
masses ðmNÞ, we calculate the individual cross section of
the respective processes normalized by the square of the
mixing angles between light and the heavy neutrinos. We
also study the kinematic distributions of the signal events
produced by different initial states and find the character-
istic distributions corresponding to the individual initial
states.
For the Majorana heavy neutrino case, we consider the

same-sign dilepton plus two jet signal. Using the recent
collider studies [17–19], we put an upper limit on the light-
heavy mixing angles. For the pseudo-Dirac heavy neutrino,
we consider the trilepton plus missing energy signal. We
compare the upper bounds with those obtained by other
experiments [20–25]. Though some updated analysis could
be found in Refs. [26,27] and using all the initial states we
improve the upper bounds given in Ref. [28].
This paper is organized as follows. In Sec. II, we

introduce the models for the type-I and the inverse seesaws.
We calculate the production cross sections of the heavy
neutrinos at the LHC with a variety of initial states in
Sec. III. In Sec. IV, we study the kinematic distributions of
the final state particles associated with the heavy neutrino
productions for the individual initial states. In Sec. V, we
simulate the signal events for the heavy neutrino produc-
tions. Comparing the generated events with the current
LHC data, we obtain improved upper bounds on the mixing
angles between the light-heavy neutrinos for the type-I and
inverse seesaws, respectively. Section VI is devoted to
conclusions.
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II. MODELS

In the type-I seesaw [29,30], we introduce SM gauge-
singlet right-handed Majorana neutrinos Nβ

R, where β is the
flavor index. Nβ

R couple with SM lepton doublets lα
L and

the SM Higgs doublet H. The relevant part of the
Lagrangian is

L ⊃ −Yαβ
D lα

LHNβ
R − 1

2
mαβ

N NαC
R Nβ

R þ H:c:: ð1Þ

After the spontaneous electroweak symmetry breaking by

the vacuum expectation value, H ¼
� vffiffi

2
p
0

�
, we obtain the

Dirac mass matrix as MD ¼ YDvffiffi
2

p . Using the Dirac and

Majorana mass matrices, we can write the neutrino mass
matrix as

Mν ¼
�

0 MD

MT
D mN

�
: ð2Þ

Diagonalizing this matrix, we obtain the seesaw formula for
the light Majorana neutrinos as

mν ≃−MDm−1
N MT

D: ð3Þ

For mN ∼ 100 GeV, we may find YD ∼ 10−6 with
mν ∼ 0.1 eV. However, in the general parametrization for
the seesaw formula [14], YD can be as large as 1, and this is
the case we consider in this paper.
There is another seesaw mechanism, the so-called

inverse seesaw [15,16], where the light Majorana neutrino
mass is generated through tiny lepton number violation.
The relevant part of the Lagrangian is given by

L ⊃ −Yαβ
D lα

LHNβ
R −mαβ

N SαLN
β
R − 1

2
μαβS̄αLS

βC

L þ H:c:; ð4Þ

where Nα
R and SβL are two SM-singlet heavy neutrinos with

the same lepton numbers,mN is the Dirac mass matrix, and
μ is a small Majorana mass matrix violating the lepton
numbers. After the electroweak symmetry breaking, we
obtain the neutrino mass matrix as

Mν ¼

0
B@

0 MD 0

MT
D 0 mT

N

0 mN μ

1
CA: ð5Þ

Diagonalizing this mass matrix, we obtain the light
neutrino mass matrix

Mν ≃MDm−1
N μm−1T

N MT
D: ð6Þ

Note that the smallness of the light neutrino mass originates
from the small lepton number violating term μ. The

smallness of μ allows the mDm−1
N parameter to be order

1 even for an electroweak scale heavy neutrino. Since the
scale of μ is much smaller than the scale of mN , the heavy
neutrinos become the pseudo-Dirac particles. This is the
main difference between the type-I and the inverse seesaws.
See, for example, Ref. [31] for the interaction Lagrangians
and the partial decay widths of the heavy neutrinos.
Through the seesaw mechanism, a flavor eigenstate (ν)

of the SM neutrino is expressed in terms of the mass
eigenstates of the light (νm) and heavy (Nm) Majorana
neutrinos such as

ν≃ νm þ VlNNm; ð7Þ

where VlN is the mixing between the SM neutrino and the
SM-singlet heavy neutrino, and we have assumed a small
mixing, jVlN ≪ 1. Using the mass eigenstates, the charged
current interaction for the heavy neutrino is given by

LCC ⊃ − gffiffiffi
2

p WμēγμPLVlNNm þ H:c:; ð8Þ

where e denotes the three generations of the charged
leptons in the vector form and PL ¼ 1

2
ð1 − γ5Þ is the

projection operator. Similarly, the neutral current interac-
tion is given by

LNC ⊃ − g
2cw

Zμ½Nmγ
μPLjVlN j2Nm

þ fνmγμPLVlNNm þ H:c:g�; ð9Þ

where cw ¼ cos θw with θw being the weak mixing angle.

III. HEAVY NEUTRINO PRODUCTION
AT THE LHC

We implement our model in the generator MadGraph5-

aMC@NLO[32,33] and calculate the production cross section
of the heavy neutrino with a variety of initial states such as
qq̄0, qg and gg as well as photon mediated processes. For
the final states, we consider Nlþ n-jet, where the number
of jets is n ¼ 0, 1, 2. We separately calculate the production
cross sections for individual initial states to understand
which initial states dominantly contribute to the production
process of the heavy neutrino. See Refs. [34–64], for recent
studies on heavy neutrino production at high energy
colliders.

A. Nl and Nlj production processes from qq̄0
and qg initial states

We first consider the final state Nl from qq̄0 and Nlj
from both of qq̄0 and qg initial states. The relevant Feynman
diagrams with the initial qq̄0 state are shown in Figs. 1 and
2, while those with the initial qg state are shown in Fig. 3.
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Figure 4 shows the combined heavy neutrino production
cross section normalized by the square of the mixing angle
from the two initial states. For the final state Nlj, we
impose the minimum transverse momentum of the jet (pj

T)
as 10, 20 and 30 GeV, respectively. In generating the
events, we set the Xqcut ¼ pj

T in MadGraph with the MLM

matching scheme (ickkw ¼ 1) [65–68]. The left panel
shows the results for

ffiffiffi
s

p ¼ 8 TeV, while
ffiffiffi
s

p ¼ 14 TeV
LHC results are shown in the right panel. The Nlj cross
section dominates over the production, while for a higher
pj
T cut the Nl cross section dominates.
We show in Fig. 5 the decomposition of the cross

sections shown in Fig. 4 for individual final states. The
left panel shows the results for

ffiffiffi
s

p ¼ 8 TeV, while
ffiffiffi
s

p ¼
14 TeV results are shown in the right panel. The cross
section from the qq̄0 initial state dominates over the one
from the qg initial state for the cut of pj

T > 10 GeV. With
the increase of the pj

T cut, the cross section from the qg
initial state becomes dominant for the small-mass region of
the heavy neutrino, as pointed out in Ref. [28]. This is
because the parton distribution function (PDF) of the gluon
is much larger than the PDFs of quarks at the low Bjorken
scaling parameter. As the heavy neutrino mass becomes
larger, the cross section from qq̄0 takes over the one from qg
because the gluon PDF sharply drops toward the high
Bjorken scaling parameter.

B. Nljj production processes from qq̄0, qg
and gg initial states

Next we consider the Nljj final state which comes from
the qq̄0, qg and gg initial states. The relevant Feynman
diagrams with the initial qq̄0, qg and gg states are shown in
Figs. 6–8. Figure 9 shows the combined heavy neutrino
production cross section normalized by the square of the
mixing angle from the three initial states. For the final state
Nljj, we impose the minimum transverse momentum for

FIG. 2. Feynman diagrams for Nlj production from the qq̄0
annihilation.

FIG. 3. Feynman diagrams for Nlj production from the qg
fusion.

FIG. 4. The left panel shows the cross sections as a function ofmN normalized by the square of the mixing angle for the Nlj final state
at the pj

T > 10 (dashed), pj
T > 20 (dot-dashed) and pj

T > 30 GeV (dotted) from the qq̄0 and qg initial states and the Nl final state from
the qq initial states (solid) at the 8 TeV LHC. The right panel is the same as the left panel but at the 14 TeV LHC.

FIG. 1. Feynman diagram for Nl production from the qq̄0
annihilation.
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each jet (pj
T) as 10, 20, and 30 GeV, respectively. As in the

previous subsection, we set the Xqcut ¼ pj
T in MadGraph

with the MLM matching scheme. The left panel shows the
results for

ffiffiffi
s

p ¼ 8 TeV, while those for
ffiffiffi
s

p ¼ 14 TeV are
shown in the right panel. The Nljj cross section dominates
over the production cross section for the final state with
zero jet for the 10 GeV pj

T cut, while for a higher pj
T cut the

Nl cross section dominates.
We show in Fig. 10 the decomposition of the cross

sections shown in Fig. 9 for individual initial states. The left
panel shows the results for

ffiffiffi
s

p ¼ 8 TeV, while results forffiffiffi
s

p ¼ 14 TeV are shown in the right panel. The cross
section from the qq̄0 initial state dominates over those from
the qg and gg initial states for the cut of pj

T > 10 GeV
when mN ≳ 200 GeV, while for mN ≲ 200 GeV the qg
initial state dominates. This is in contrast with the results
for the Nlj, where the qq̄0 initial state always dominates
the cross section. Although we may think that the gluon
fusion channel could dominate, it is found to be always
smaller than the other channels. This is because the Bjorken
scaling parameters for two gluons cannot be small simul-
taneously in order to produce the heavy neutrino. On the
other hand, we expect the gluon fusion channel cross
section becomes larger as we lower the heavy neutrino
mass. We can see in Fig. 10 the gluon fusion channel rises
sharper than the others toward the low-mass region. We see
that as the heavy neutrino mass becomes larger, the cross
section from qq̄0 takes over those from the qg and gg
because the gluon PDF sharply drops toward the high
Bjorken scaling parameter.

C. Nlj and Nljj production processes from photon
mediated processes

Apart from the QCD processes, we also consider the
heavy neutrino production at the LHC through the photon
mediated processes. There are three types of photon
mediated processes. The first one is the elastic process

FIG. 6. Sample Feynman diagrams for Nljj production proc-
esses from the qq̄0 initial state.

FIG. 7. Sample Feynman diagrams for Nljj production proc-
esses from the qg fusion.

FIG. 8. Sample Feynman diagrams for Nljj production proc-
esses from the gg fusion.

qq pT
j 10 GeV qq pT

j 20 GeV

qq pT
j 30 GeV qg pT

j 10 GeV

qg pT
j 20 GeV qg pT

j 30 GeV

200 400 600 800 1000
10 4

0.001

0.01

0.1

1

10

mN GeV

V
lN

2
pb

FIG. 5. The decomposition of the cross section for the individual initial states for different pj
T cuts such that pj

T > 10 (solid), pj
T > 20

(dashed) and pj
T > 30 GeV (dot-dashed). The cross sections at the 8 TeV LHC are shown in the left panel, whereas those at the 14 TeV

LHC are shown in the right panel.
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where one photon is radiated from one proton and then
scatters with a parton in the other proton. The second one is
the inelastic process where one photon is radiated from a
parton inside one proton and scatters with a parton inside
the other proton (for relevant Feynman diagrams, see
Fig. 11). The third one is the deep-inelastic scattering
mediated by a photon with a large momentum transfer. (See
Fig. 12 for relevant Feynman diagrams.) Analysis of the
deep-inelastic process has been performed in Ref. [69]. All
of these processes have been analyzed in Ref. [70] in detail.
We calculate the heavy neutrino production cross sec-

tions through the three photon mediated processes. For the
deep-inelastic processes, we switch off the QCD vertices in
MadGraph. Our results are shown in Fig. 13 for

ffiffiffi
s

p ¼
14 TeV LHC. Here we have imposed two different values
of the pj

T cuts, pj
T > 10 and 20 GeV. When mN ≲ 400

(300) GeV, the deep-inelastic process dominates over the
other photon mediated processes for pj

T > 10 (20) GeV,
and otherwise the inelastic process dominates. The elastic
process is always small compared to the others. The

FIG. 10. The decomposition of the cross section for the individual initial states for different pj
T cuts such that p

j
T > 10 (solid), pj

T > 20

(dashed) and pj
T > 30 GeV (dot-dashed). The cross sections at the 8 TeV are shown in the left panel, whereas those at the 14 TeV are

shown in the right panel.

FIG. 11. The elastic or inelastic process for the Nlj final state.

FIG. 9. The left panel shows the cross sections as a function of mN normalized by the square of the mixing angle for the Nljj final
state for pj

T > 10 GeV (dashed), pj
T > 20 GeV (dot-dashed) and pj

T > 30 GeV (dotted) from the qq̄0, qg and gg initial states and the
Nl final state from the qq̄0 initial state (solid) at the 8 TeV LHC. The right panel shows the results for the 14 TeV LHC.
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analytic expressions of the radiated photon PDFs used in
our calculations are given in Refs. [71–79].

IV. KINEMATIC DISTRIBUTIONS OF THEHEAVY
NEUTRINO PRODUCTION

Here we investigate the kinematic distributions of the
leptons and jets associated with the heavy neutrino pro-
duction. The different production processes show typical
kinematic distributions. To see this, we generate the events
for mN ¼ 100 and 500 GeVat the

ffiffiffi
s

p ¼ 14 TeV LHC. We
consider the transverse momenta ðpTÞ and pseudorapidities
ðηÞ for the leptons and jets as kinematic variables. We also
consider the differential cross sections for the final states of
Nl, Nlj and Nljj with the cut pj

T > 20 GeV for the
process/es with jet(s).
The kinematics distributions for the final state Nl are

shown in Fig. 14. The ηl distributions show peaks around

η ¼ 0 and become sharper with the increase in mN . The
invariant mass distribution shows a sharp peak in the vicinity
of the heavy neutrino mass threshold, which means most of
the particles are produced almost at rest. For the final state
Nlj, the kinetic distributions are shown in Figs. 15 and 16.
These distributions show similar behavior to the results for
the Nl final state. The kinematic distributions for the final
state Nljj are shown in Figs. 17–19. In Fig. 18, the leading
jet is defined as j2, while the j1 is the nonleading jet
(pj2

T > pj1
T for each event). The ηj1;2 distributions are flatter

than those in the Nlj case. This is because many events
include the radiated jets.
We also show the kinematic distributions from the photon

mediated processes for the final states Nlj and Nljj. The
Nlj final state comes from the elastic and inelastic processes,
whereas the Nljj comes from the deep-inelastic process.
Figures 20 and 21 show the kinematic distributions for the
elastic process. Corresponding results for the inelastic

FIG. 13. The figure shows the production cross section of the heavy neutrino as a function of mN and normalized by the square of the
mixing angle for the different photon mediated processes at the 14 TeV LHC. The solid line stands for theNl final state for the qq̄0 initial
state. The elastic process for different pj

T values are shown by the dashed lines. The inelastic processes are represented by the dotted
lines. The deep-inelastic process (QED 2-jet) is depicted by the dot-dashed lines.

FIG. 12. The deep-inelastic processes for the Nljj final state mediated by a photon.
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FIG. 15. The first and second rows show the pT and η distributions of the lepton produced in the Nlj final state from the qq̄0 and qg
one-jet processes. The left column stands for mN ¼ 100 GeV, whereas the right one is for mN ¼ 500 GeV.

FIG. 14. The first and second rows show the pT and η distributions of the lepton produced in the Nl final state from the qq̄0 zero-jet
processes. The third row shows the final state invariant mass ðmNlÞ distributions. The left column stands for mN ¼ 100 GeV, whereas
the right one is for mN ¼ 500 GeV.
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FIG. 17. The first and second rows show the pT and η distributions of the lepton produced in the Nljj final state from the qq̄0, qg and
gg initial states. The left column stands for mN ¼ 100 GeV, whereas the right one is for mN ¼ 500 GeV.

FIG. 16. The first and second rows show the pT and η distributions of the jet produced in the Nlj final state from the qq̄0 and qg one-
jet processes. The third row shows the final state invariant mass ðmNljÞ distributions. The left column stands for mN ¼ 100 GeV,
whereas the right one is for mN ¼ 500 GeV.
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FIG. 19. The final state invariant mass ðmNlj1j2Þ distributions produced in the Nljj final state from the qq̄0, qg and gg initial states.
The left panel shows mN ¼ 100 GeV, whereas the right one shows mN ¼ 500 GeV.

FIG. 18. The first and second rows show the pT and η distributions of the nonleading jet produced in the Nljj final state from the qq̄0,
qg and gg initial states. The third and fourth rows show the same for the leading jet. The left column stands formN ¼ 100 GeV, whereas
the right one is for mN ¼ 500 GeV.
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FIG. 20. The first and second rows show the pT and η distributions of the lepton produced in the Nlj final state from the photon
mediated elastic processes. The left column stands for mN ¼ 100 GeV, whereas the right one is for mN ¼ 500 GeV.

FIG. 21. The first and second rows show the pT and η distributions of the jet produced in the Nlj final state from the photon mediated
elastic processes. The third row shows the final state invariant mass ðmNljÞ distributions. The left column stands for mN ¼ 100 GeV,
whereas the right one is for mN ¼ 500 GeV.
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FIG. 22. The first and second rows show the pT and η distributions of the lepton produced in the Nlj final state from the photon
mediated inelastic processes. The left column stands for mN ¼ 100 GeV, whereas the right one is for mN ¼ 500 GeV.

FIG. 23. The first and second rows show the pT and η distributions of the jet produced in the Nlj final state from the photon mediated
inelastic processes. The third row shows the final state invariant mass ðmNljÞ distributions. The left column stands for mN ¼ 100 GeV,
whereas the right one is for mN ¼ 500 GeV.
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process are shown inFigs. 22 and23.Finally the results for the
deep-inelastic processes are shown in Figs 24–26. The ηj1;2
distributions show the double peaks in all three cases which is
a typical feature of the photon mediated processes [70].

V. DATA ANALYSIS AND THE UPPER BOUNDS
FOR THE MIXING ANGLES

The signal events at the parton level were generated by
MadGraph5. The showering and hadronization of the events
were performed with PYTHIA6.4[80], and a fast detector
simulation was done using DELPHES3 [81,82] bundled with
MadGraph. Hadrons were clustered into jets using the anti-kT
algorithm as implemented in FastJet2[83,84] with a distance
parameter of 0.5. As our signal events were accompanied
by n-jets, we incorporated the MLM matching prescription
according to Refs. [65–69] to avoid the double counting of
jets and used the matched cross section and events for the
analysis after the detector simulation. We considered two
cases for the types of heavy neutrinos. One is the Majorana
case for which the signal process is pp→Nl�

1 =Nl�
1 j=

Nl�
1 jj, followed by N → l�

2 W
∓ and W∓ → jj. The other

is the pseudo-Dirac case for which the signal process is
pp → Nlþ

1 =Nlþ
1 j=Nlþ1 jj, followed by N → l−

2W
þ and

Wþ → lþ
3 ν (pp → N̄l−

1 =N̄l−
1 j=N̄l−

1 jj, followed by N̄ →
lþ
2 W

− and W− → l−
3 ν̄).

A. Same-sign dilepton plus dijet signal

For simplicity, we consider the case in which only one
generation of the heavy neutrino is light and accessible to
the LHC which couples to only the second generation of
the lepton flavor. To generate the events in MadGraph, we use

the NN23LO1 PDF [85–88] with Xqcut ¼ pj
T ¼ 20 GeV

and QCUT ¼ 25 GeV. We calculate the cross sections for
the processes σ0−j ¼ σðpp → Nμ� → μ�μ�jjÞ, σ1−j¼
σðpp→Nμ�j→μ�jμ�jjÞ and σ2−j ¼ σðpp → Nμ�jj →
μ�jjμ�jjÞ as functions of mN . Comparing our generated
events with the recent ATLAS results [18] at the 8 TeV
LHC with the luminosity 20.3 fb−1, we obtain an upper
limit on the mixing angles between the Majorana-type
heavy neutrino and the SM leptons as a function of mN . In
the ATLAS analysis, the upper bound of the production
cross section (σATLAS) is obtained for the final state with the
same-sign d-muon plus dijet as a function of mN . Using
these cross sections, we obtain the upper bounds on the
mixing angles as follows:

jVlN j20−j ≲ σATLAS

σ0−j
; ð10Þ

jVlN j21−j ≲ σATLAS

σ0−j þ σ1−j
; ð11Þ

and

jVlN j22−j ≲ σATLAS

σ0−j þ σ1−j þ σ2−j
: ð12Þ

Our resultant upper bounds on the mixing angles are shown
in Fig. 27, along with the bounds from ATLAS [18], CMS
[19], LEP (L3) [22], electroweak precision data for the
electron (EWPD-e) andmuon (EWPD-μ) [23–25] and finally
LHCHiggs data (Higgs) [21]. The bound obtained from σ0−j

FIG. 24. The first and second rows show the pT and η distributions of the lepton produced in the Nljj final state from the photon
mediated deep-inelastic processes. The left column is for mN ¼ 100 GeV, whereas the right one stands for mN ¼ 500 GeV.
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FIG. 25. The first and second rows show the pT and η distributions of the nonleading jet produced in the Nljj final state from photon
mediated deep-inelastic processes. The third and fourth rows show the same for the leading jet. The left column is for mN ¼ 100 GeV,
whereas the right one stands for mN ¼ 500 GeV.

FIG. 26. The figure shows the final state invariant mass ðmNlj1j2Þ distributions produced in the Nljj final state from the photon
mediated deep-inelastic processes. The left panel shows mN ¼ 100 GeV, whereas the right one is mN ¼ 500 GeV.

IMPROVED BOUNDS ON THE HEAVY NEUTRINO … PHYSICAL REVIEW D 93, 033003 (2016)

033003-13

1.2 

s:- mN= 100 GeV ffiN= 100 GeV 
"' 

1.0 ,,..._ 
c.:, 

0.8 c::, -. 
------- 0.6 .t:) 

i::::.. .._., T~ 0.4 bl !=:'-b i::::.. 
~ ~ 0.2 

0.00 so 100 150 - - - - - - -

p.,J1(GeV) 7J 
0.25 

0.6 ffiN= 100 GeV ffiN= 1 00 GeV 
~ 0.20 "' 0.5 c.:, .,., 
c:, 0.4 c::; 0.15 -. :,s----.t:) 0.3 c:,,_ 
s 1:,T-1- 0.10 bli 0.2 

"<:l "<:l 0.05 
"<:l "<:l 0.1 

0.0 
50 200 250 0·0~ 7.-6.-5.- 4.-3.-2.-1. 0. I. 2. 3. 4. 5. 

T/Jz 
20 2.0 

~ 
ffiN = 500 GeV ffiN= 500 GeV 

" 15 1.5 c.:, ;, 
c:, c:i -. 

~ --- 10 1.0 s bli-
11- """" b c:,,_ 5 0.5 

"<:l "<:l 

00 100 200 300 400 O.Q6. - 5. -4. -3. - 2. - I. 0. 

p,/' (GeV) T/i, 
3.5 2.0 

3.0 ffiN= 500 GeV 
500 GeV s:-- ffiN= 

" 2.5 1.5 i:.:, 
N' c:::, 

2.0 ci -, 

--- ;e 1.0 S 1.5 bT'i,. 
11- """" .;; c:,,_ 1.0 

0.5 
"<:l 0.5 

100 200 300 400 500 600 O.Q6. - 5. - 4. -3. -2. - 1. 0. I. 2. 3. 4. 

p,/' (GeV) ,,;, 

,,..._ 
1.2 ::,. 

<Ii ffiN= 100 GeV 
(.J 1.0 

s:- 1.4 

Cj 1.2 
c::, 
c::, 0.8 --. 8 1.0 -. 
:g: 0 .6 

.._., ·.C:: 0.4 

--.. 0 .8 

~ 0.6 
·!:! 

b f 0.4 

~ t 0.2 i L, 
"I:! 0·00LL--so::::o= -1-oo-o--1-so-o----'2000 

~ t: 
~ 

2000 4000 6000 8000 

mNU,h (GeV) 

6. 7. 

5. 6. 

10000 



is consistentwith theboundpresented inRef. [18].We can see
that a significant improvement on the bounds by adding the
σ1−j andσ2−j cross sections.Wehave also calculated thecross
sections, σ0−j, σ1−j and σ2−j, for the 14 TeV LHC. Applying

theATLASbound at 8TeVwith20.3 fb−1 luminosity,we put
aprospectiveupperboundon themixingangles.Wescaled the
bound for the luminosities of 300 and 1000 fb−1. The results
are shown in Fig. 28.

FIG. 27. The figure shows the upper bounds of the square on the mixing angles as a function ofmN using the ATLAS data at the 8 TeV
[18]. The zero-jet (0-jet8, 20.3 fb−1) result is compared with the ATLAS bounds (ATLAS8). The improved results with one jet [dashed,
(0þ 1)-jet@8 TeV, 20.3 fb−1] and two jets [thick, solid, (0þ 1þ 2)-jet@8, 20.3 fb−1] are shown with respect to the bounds obtained
by ATLAS [18]. These bounds are compared to (i) the χ2-fit to the LHC Higgs data [21] (Higgs); (ii) those from a direct search at LEP
[22] (L3), valid only for the electron flavor; (iii) CMS limits from

ffiffiffi
s

p ¼ 8 TeV LHC data [19] (CMS8), for a heavy Majorana neutrino
of the muon flavor; and (iv) the indirect limit from a global fit to the electroweak precision data [23–25] (EWPD), for both electron
(solid, EWPD-e) and muon (dotted, EWPD-μ) flavors. The shaded region is excluded.

FIG. 28. The figure shows the search reach for the square of the mixing angles as a function of mN at the 14 TeV LHC using the
ATLAS data at 8 TeV [18]. In this plot, we give a prospective search reach for 14 TeV. The results with zero jets (0-jet@14 TeV,
20.3 fb−1), one jet [(0þ 1)-jet@14 TeV, 20.3 fb−1] and two jets [(0þ 1þ 2)-jet@14, 20.3 fb−1] are shown at 20.3 fb−1. The
prospective results with zero jets (0-jet@14 TeV, 300 fb−1), one jet [(0þ 1)-jet@14 TeV, 300 fb−1] and two jets [(0þ 1þ 2)-
jet@14 TeV, 300 fb−1] are also plotted at 300 fb−1 luminosity. The prospective results with zero jets (0-jet@14 teV, 1000 fb−1), one jet
[(0þ 1)-jet@14 TeV, 1000 fb−1] and two jets [(0þ 1þ 2)-jet@14 TeV, 1000 fb−1] are plotted at 1000 fb−1 and compared to (i) the χ2-
fit to the LHC Higgs data [21] (Higgs); (ii) those from a direct search at LEP [22] (L3), valid only for the electron flavor; (iii) CMS limits
from

ffiffiffi
s

p ¼ 8 TeV LHC data [19] (CMS8), for a heavy Majorana neutrino of the muon flavor; and (iv) the indirect limit from a global fit
to the EWPD [23–25], for both electron (solid, EWPD-e) and muon (dotted, EWPD-μ) flavors. The shaded region is excluded.
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Recently the CMS has performed the same-sign dilepton
plus dijet search [19]. Using this result and adopting the
same procedure for the ATLAS result, we calculate the
upper bound on the mixing angles at the 8 TeV LHC. The
results are shown in Fig. 29. A significant improvement for
the upper bound on the mixing angle is obtained by adding
the σ1−j and σ2−j results to the σ0−j case. We can see that at
the low-mass region, the bound obtained by the CMS
analysis is comparable to our zero-jet plus one-jet case, and
in the high-mass region, that is comparable to our zero-jet
case. Using the 8 TeV CMS result [19], we obtain the
prospective bound at the 14 TeV for the luminosities of
20.3, 300 and 1000 fb−1. The results are shown in Fig. 30.

B. Trilepton signal

In this analysis, we consider two cases. One is the flavor
diagonal case (FD), where we introduce three generations
of the degenerate heavy neutrinos and each generation
couples with the single, corresponding lepton flavor. The
other one is the single flavor case (SF) where only one
heavy neutrino is light and accessible to the LHC which
couples to only the first or second generation of the lepton
flavor. In this analysis, we use the CTEQ6L PDF [89]. We
have calculated the bound on the mixing angle for the
trilepton case using the Nlj final state in Ref. [28]. In the
following, we extend this analysis by adding the photon
mediated processes to the Nlj final state. We also include
the Nljj final state.
We generate the 1-jet and the 2-jet parton level processes

separately in MadGraph and then gradually hadronize and

perform detector simulations with Xqcut¼pj
T ¼30GeV

and QCUT ¼ 36 GeV for the hadronization. In our analy-
sis, we use the matched cross section after the detector
level analysis. After the signal events are generated, we
adopt the following basic criteria, used in the CMS trilepton
analysis [20]:

(i) The transverse momentum of each lepton:
pl
T > 10 GeV.

(ii) The transverse momentum of at least one lepton:
pl;leading
T > 20 GeV.

(iii) The jet transverse momentum: pj
T > 30 GeV.

(iv) The pseudorapidity of leptons: jηlj < 2.4 and of
jets: jηjj < 2.5.

(v) The lepton-lepton separation, ΔRll > 0.1, and the
lepton-jet separation, ΔRlj > 0.3.

(vi) The invariant mass of each opposite-sign same flavor
(OSSF) leptonpair,mlþl− < 75 GeVor> 105 GeV,
to avoid the on-Z regionwhichwas excluded from the
CMS search. Events with mlþl− < 12 GeV are re-
jected to eliminate background from low-mass Drell-
Yan processes and hadronic decays.

(vii) The scalar sum of the jet transverse momenta:
HT < 200 GeV.

(viii) The missing transverse energy: ET < 50 GeV.
The additional trilepton contributions come from
N → Zν; hν, followed by the Z, h decays into a pair of
OSSF leptons. However, the Z contribution is rejected after
the implementation of the invariant mass cut for the OSSF
leptons to suppress the SM background, and the h con-
tribution is suppressed due to very small Yukawa couplings

FIG. 29. The figure shows the upper bounds on the square of the mixing angles as a function of mN using the CMS data at the 8 TeV
[19]. The zero-jet (0-jet@8 TeV, 19.7 fb−1) result is compared with the CMS bounds (CMS8). The improved results with one jet
[(0þ 1)-jet@8 TeV, 19.7 fb−1] and two jets [(0þ 1þ 2)-jet@8 TeV, 19.7 fb−1[ are shown with respect to the CMS data from Ref. [19].
The bounds are compared to (i) the χ2-fit to the LHC Higgs data [21] (Higgs); (ii) those from a direct search at LEP [22] (L3), valid only
for the electron flavor; (iii) ATLAS limits from

ffiffiffi
s

p ¼ 8 TeV LHC data [18] (ATLAS 8), for a heavy Majorana neutrino of the muon
flavor; and (iv) the indirect limit from a global fit to the EWPD [23–25], for both electron (solid, EWPD-e) and muon (dotted, EWPD-μ)
flavors. The shaded region is excluded.
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FIG. 30. The figure shows the prospective search reach for the square of the mixing angles as a function of mN at the 14 TeV LHC
using the CMS data at the 8 TeV [19]. Zero jets (0-jet@14 TeV, 20.3 fb−1), one jet [(0þ 1)-jet@14 TeV, 20.3 fb−1] and two jets
[(0þ 1þ 2)-jet@14 TeV, 20.3 fb−1] are shown at the 20.3 fb−1. The prospective results with zero jets (0-jet@14 TeV, 300 fb−1), one jet
[(0þ 1)-jet@14 TeV, 300 fb−1] and two jets [(0þ 1þ 2)-jet@14 TeV, 300 fb−1] are also plotted at 300 fb−1 luminosity. The
prospective results with zero jets (0-jet@14 TeV, 1000 fb−1), one jet [(0þ 1)-jet@14 TeV, 1000 fb−1] and two jets [(0þ 1þ 2)-
jet@14 TeV, 1000 fb−1] are plotted at 1000 fb−1 and compared to (i) the χ2-fit to the LHC Higgs data [21] (Higgs); (ii) those from a
direct search at LEP [22] (L3), valid only for the electron flavor; (iii) CMS limits from

ffiffiffi
s

p ¼ 8 TeV LHC data [19] (CMS8), for a heavy
Majorana neutrino of the muon flavor; and (iv) the indirect limit from a global fit to the EWPD [23–25], for both electron (solid, EWPD-
e) and muon (dotted, EWPD-μ) flavors. The shaded region is excluded.

FIG. 31. The 95% C.L. upper limits on the light-heavy neutrino mixing angles jVlN j2 as a function of the heavy Dirac neutrino mass
mN , derived from the CMS trilepton data at

ffiffiffi
s

p ¼ 8 TeV LHC for 19.5 fb−1 luminosity [20]. The exclusion (shaded) regions are shown
for two benchmark scenarios: (i) SF and (ii) FD, with two choices of the selection cut mlþl− < 75 GeV (thick dotted) and > 105 GeV
(thick solid). The previous results with the selection cutmlþl− < 75 GeV (thick dot-dashed) and> 105 GeV (thick large-dashing) at the
one-jet level are shown in this context from Ref. [28]. The corresponding conservative projected limits from

ffiffiffi
s

p ¼ 14 TeV LHC data
with 300 fb−1 integrated luminosity are shown by thin solid lines (SF14105f and FD14105f ) above the Z-pole. Some relevant existing
upper limits (all at 95% C.L.) are also shown for comparison: (i) from a χ2-fit to the LHC Higgs data [21] (Higgs); (ii) from a direct
search at LEP [22] (L3), valid only for the electron flavor; (iii) ATLAS limits from

ffiffiffi
s

p ¼ 7 TeV LHC data [17] (ATLAS7) andffiffiffi
s

p ¼ 8 TeV LHC data [18] (ATLAS8), valid for a heavy Majorana neutrino of the muon flavor; (iv) CMS limits from
ffiffiffi
s

p ¼ 8 TeV
LHC data [19] (CMS8), for a heavy Majorana neutrino of the muon flavor; and (v) the indirect limit from a global fit to the EWPD [23–
25], for both electron (solid) and muon (dotted) flavors. The data for the one-jet case from Ref. [28] are shown by SF75

i , SF
105
i , FD75

i and
FD105

i (large dashed lines). The shaded region is excluded.

ARINDAM DAS and NOBUCHIKA OKADA PHYSICAL REVIEW D 93, 033003 (2016)

033003-16

10-6 

10-8 100 

L 
100 

--- EWPD-µ ATLAS8 - (0+ 1)-jet@14TeV,300fb- 1 

- EWPD-e - 0- jet@l4TeV, 20.3fb- 1 
--- (0+ 1+2)- jet@l4TeV, 300tb- 1 

•••• Higgs 

- L3 

-- -• CMS8 

--- (0+ 1)- jet@14TeV,20.3fb- 1 •••• 0-jet@14TeV, I000fb- 1 

•• •. (0+ 1+2)-jet@l4TeV, 20.3fb_, .•.. (0+ 1)-jet@14TeV,1000fb- 1 

- 0- jet@14TeV, 300fb- l -- (0+ 1+2)-jet@14TeV, I000fb- 1 

200 

200 300 
mN (GeV) 

400 

400 

500 

500 



of electrons and muons. Using different values of ET and
HT , the CMS analysis provides a different number of
observed events and the corresponding SM background
expectations. For our analysis, the set of cuts listed above is
the most efficient one as implemented by the CMS analysis
[20]. To derive the limits on jVlN j2, we calculate the signal
cross section normalized by the square of the mixing angle
as a function of the heavy neutrino massmN for both the SF
and FD cases, by imposing the CMS selection criteria listed
above. The corresponding number of signal events passing
all the cuts is then compared with the observed number of
events at the 19.5 fb−1 luminosity [20]. For the selection
criteria listed above, the CMS experiment observed:
(a) 510 events with the SM background expectation of

560� 87 events for mlþl− < 75 GeV.
(b) 178 events with the SM background expectation of

200� 35 events for mlþl− > 105 GeV.
In case a, we have an upper limit of 37 signal events, while
case b leads to an upper limit of 13 signal events. Using
these limits, we can set an upper bound on jVlN j2 for a
given value of mN .
In Fig. 31, we plot our results of the upper bound for the

SF and FD cases. The thick red dashed line (SF875f ) stands
for the results of the SF case by employing the CMS
observation a, whereas the thick red solid line (SF8105f )
stands for the results of the SF case by employing the CMS
observation b. The corresponding results for the FD case
are represented by the thick blue dashed line (FD875f ) and

the thick blue solid line (FD8105f ), respectively. The results
of the previous analysis [28] are shown by the yellow
dashed lines (SF875i , SF8105i , FD875i and FD8105i ). Our new
results have improved the upper bound on the mixing
angles. This improvement becomes more significant in the
high mN region because the photon mediated process
dominates the N production cross section (compare
Figs. 4,9 and 13 each other). We have also calculated
the cross sections at the 14 TeV LHC. Comparing the cross
sections at 14 TeV to those at 8 TeV, we have obtained the
prospective upper bounds at the 14 TeV LHC, which are
shown as the thin solid lines (SF14105f and FD14105f ) above
the Z-pole.

VI. CONCLUSION

We have studied the productions of heavy Majorana and
pseudo-Dirac neutrinos from the type-I and the inverse
seesaw mechanisms, respectively. The heavy neutrinos
can be produced at the LHC through the sizable mixings
with the light neutrinos in the SM. For the heavy neutrino
production process, we have considered various initial
states such as qq̄0, qg and gg as well as photon medi-
ated processes to produce the final states Nl, Nlj and
Nljj. We have found that the cross section to produce
Nlj from the qq̄0 initial state dominates over the qg for

mN ≳ 150 GeV, while the qg initial state takes over for
mN ≲ 150 GeV at the 8 TeV LHC. This happens because at
a low Bjorken scaling parameter, the gluon PDF dominates
over the quark PDF. For the final state Nljj, the cross
section obtained from qg dominates over that from the qq̄0

for mN ≲ 200 GeV, while for mN ≳ 200 GeV, the qq̄0
dominates. The gluon fusion channel follows the cross
sections from the qg and qq̄0 initial states. The gluon fusion
channel cannot dominate for the mN values we studied,
because in order to produce the heavy neutrino, the Bjorken
scaling parameters for the two gluons cannot be small
simultaneously. We have also studied the photon mediated
processes such as elastic, inelastic and the deep-inelastic
processes. For mN ≲ 400ð300Þ GeV, the deep-inelastic
process dominates over the other photon mediated proc-
esses for pj

T ≳ 10ð20Þ GeV. The inelastic process domi-
nates over the deep-inelastic process for mN ≳ 400ð300Þ
for pj

T ≳ 10ð20Þ GeV. The elastic process always yields the
lowest cross section.
We have shown the kinematic distributions of the heavy

neutrino produced with the associated leptons and jets for
mN ¼ 100 GeV and mN ¼ 500 GeV. We have plotted the
differential scattering cross sections as a function of pT and
η of the heavy neutrino, associated lepton and the jets, and
the invariant mass distributions for the final states. The pl

T

distribution has a peak around mN
5

for the qq̄0, qg and gg
initial states, while for the photon mediated processes, the
distribution is found to be almost independent of mN . The
ηl distributions of the leptons are peaked around zero for all
the initial states and become sharper with the increase in
mN . The pT and η distributions of the heavy neutrinos are
similar to those of the leptons irrespective of the initial
states. The pT distributions of the jets start from cut values
used in the analysis for final states with single and two jets.
The pj

T distributions for theNlj final state from the qq̄0 and
qg initial states sharply drop with respect to those for the
Nljj final state from the qq̄0, qg and gg initial states. In the
case of the photon mediated processes, the pT distributions
of the jets are observed to have peaks around mW

2
for theNlj

final state from the elastic and inelastic cases and the
leading jet from the Nljj final state from the deep-inelastic
process. The η distributions of the leading and nonleading
jets of the photon mediated processes show the distinct
double peaks at the forward-backward regions. This is a
typical feature of the photon mediated process. We notice
that the invariant mass distributions of the different final
states sharply peak at the vicinity of the heavy neutrino
mass, referring to the production of the heavy neutrino
almost at rest.
We have studied the collider signatures of Majorana and

pseudo-Dirac heavy neutrinos. From the Majorana heavy
neutrino, we consider the same-sign dilepton plus dijet in
the final state. We have generated the signal cross sections
by using MadGraph. We compare our results with the recent
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ATLAS [18] and CMS [19] data at
ffiffiffi
s

p ¼ 8 TeV with 20.3
and 19.7 fb−1 luminosities, respectively, and we have
obtained the upper bound on the mixing angles. Using a
variety of the initial states, we have improved the upper
bounds previously obtained in Refs. [18] and [19]. For the
pseudo-Dirac heavy neutrino, we have generated the
trilepton plus missing energy as the signal events using
MadGraph and performed the detector simulation for various
initial states. Comparing our simulation results with the
recent anomalous multilepton search results by CMS [20]
at

ffiffiffi
s

p ¼ 8 TeV with 19.5 fb−1 luminosity, we have
obtained the upper bound on the mixing angles, which
improves the previously given result in Ref. [28]. Finally

we have scaled our results at the 8 TeV LHC to obtain a
prospective search reach at the 14 TeV LHC with higher
luminosities.
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