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Introduc8on	  
•  Standard	  Model	  (SM)	  Neutrinos	  are	  	  massless	  	  
•  Recent	  experiments	  on	  the	  neutrino	  oscilla8on	  
disproves	  the	  massless-‐ness	  of	  	  the	  SM	  neutrinos.	  
•  Extend	  the	  SM	  	  
•  Seesaw	  mechanism	  
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The neutrino mass matrix is

Mν =





0 mD 0
mT

D 0 M
0 MT µ



 (4)

Assuming mDM
−1 ! 1, mν = (mDM

−1)µ(mDM
−1)T

• µ is very small, O (mν), the mixing mDM
−1 ∼ O(1)

→Large mixing between light and heavy (Pseudo-Dirac)neutrinos

→Heavy (Pseudo-Dirac) neutrino can be produced at high energy colliders

• The production cross section of the heavy neutrino is sizable under all the
phenomenological constraints. (A. D. and N. Okada, PRD 88 (2013) 113001)
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•The flavour eigenstate (ν) in terms of the mass eigenstates

ν ! Nνm +RNm, N = (1 − 1

2
R∗RT )UMNS (5)
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− g

2cw
Zµ

[

νmγ
µPL(N †R)Nm + h.c .
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(7)

em, νm, Nm are the three generations of the leptons in the vector form.
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Charged	  and	  the	  neutral	  current	  interac8ons	  

AD	  and	  Okada	  PRD	  88	  (2013)	  113001	  
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Figure 1: Production of the Majorana heavy neutrino (N) at the LO DY

1 Introduction

2 Model

3 Trilepton and same-sign dilepton signatures at the

LHC

4 Production of the Majorana heavy neutrino at the

LHC

We first consider the LO DY process to produce the Majorana heavy neutrino at
√
s =8 TeV

and 14 TeV LHC. Which can be given as

qq′ → N!± (1)

and the relevant Feynman diagrams for this process is shown in the Figure (1). In this context

we mention that the LO DY production processes of the pseudo-Dirac heavy neutrino has been

discussed in [1].

At the LHC the important production channel of the Majorana type heavy neutrino could

be the quark-gluon (qg) fusion where the cross section could be enhanced by the gluon PDF

coming from the proton sea. The production process is given as

qq′ → N!±j. (2)

The relevant Feyman diagram for the process is given in Figure (2) and Figure (3). The qg

fusion process, shown in Figure (3), for the production of the pseudo-Dirac type heavy neutrino

has been discussed in [2] followed by a trilepton signal constrained by the CMS results [3] for
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Figure 3: Production of the Majorana heavy neutrino (N) at the LO quark- gluon fusion. The
left and right panels show the s-channel and the t-channel Feynman diagrams respectively.

the anomalous multipelton search at the 8 TeV. These processes contain 1-jet at the parton

level. The other important production process of the Majorana heavy neutrino is given by

qq′ → N!±jj (3)

which includes the the gluon-gluon (gg) fusion along with the qq and qg processes. All these

processes will contain 2-jets at the parton level. The relevant Feynman diagrams of these

processes are given in Figures (4)-(6). We generate the processes in the Eqs. (1, 2, 3)

separately with all the QED and the QCD interactios. To do this we implement our model in the

signal generator MadGraph5-aMC@NLO [4],[5]. We first calculate the cross sectionnormalized

by the square of the mixing for Eq. (1) at the parton level. Then for 1-jet and the 2-jet parton

level processes we calculate the inclusive cross sections normalized by the square of the mixing

for the three casese where the transverse momentum of the jet (pjT ) is greater than 10 GeV,

20 GeV and 30 GeV. While generating the events we use the same amount of the Xqcut in

MadGraph with the MLM matching scheme (ickkw=1)[6]- [10] for both at the
√
s =8 TeV
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To derive the limits on |BN!|2, we calculate the normalized signal cross section σ
|BN!|2

LHC

as a function of the lightest heavy neutrino mass mN for both SF and FD cases, after 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 [24]

For the selection criteria listed above, the CMS experiment observed (a) 510 events with

the SM background expectation of 560±87 events for m!+!− < 75 GeV and (b) 178 events with

the SM background expectation of 200±35 events for m!+!− > 105 GeV. Thus, for case (a),

we have an upper limit of 37 signal events, and for case (b) an upper limit of 13 signal events.

This sets a direct upper bound on the light-heavy neutrino mixing parameter |BN!|2 for a given

value of mN , as shown in Figure (??) for both SF and FD cases discussed above. The FD case

becomes more efficient for higher values of mN , thus setting a more stringent limit on |BNL|2.

6.2 Same-sign di-lepton signal

For the same-sign dilepton signal we follow the follwoing production channels for the DY process

pp → N!±, N → !∓jj (9)

with all the possible QED and QCD vertices. In the previous section we have noticed that

the processes in Eqs. (2, (3), (4) and (5) have a great impact on the Majorana type heay

neutrino production. We consider these channels for the same-sign dilepton production. We

separately generate these events using MadGraph5aMC@NLO followed by the hadronization

and the detector simulation with the MLM matching scheme and xqcut=20 GeV. We used

QCUT=25 GeV in Pythia for the hadrnization according to MadGraph prescription with the

MLM scheme[6]-[10]. These processes are given by

pp → N!±j, N → !±jj, (10)

pa → N!±j, N → !±jj, (11)

pp → N!±jj, N → !±jj, (12)

pp → N!±jj, N → !±jj(QED) (13)

We put the upper bound on the mixing angle of the Majorana type heaby neutrino according

to an 8 TeV ATLAS alalysis at 20 fb−1 luminosity for the same-sign dilepton signal for the DY

case. In this case we consider the same-sign di-muon signal (! = µ).
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Figure 4: Some of the important qq 2-jet processes for the Majorana heavy neutrino (N)

Figure 5: Some of the important qg 2-jet processes for the Majorana heavy neutrino (N)

Figure 6: Some of the important gg 2-jet processes for the Majorana heavy neutrino (N)
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Experimental searches based on this channel have been
performed using the

ffiffiffi
s

p
¼ 7 TeV LHC data for the di-

muon case [14,15] (and also for the di-electron case
[15]). No excess above the expected SM background
has been observed so far, and upper limits on the light-
to-heavy neutrino mixing parameter squared, jVμN j2≈
ðξξ†Þμμ ¼ 10−2–10−1, have been derived for heavy neu-
trino masses MN ¼ 100–300 GeV.
For collider tests of the SM seesaw to be effective, the

mixing parameter VlN ≈ ξlN must be significant, since this
is the only way the heavy neutrino communicates to the
observable SM sector. This requires that apart from MN
being small (in the sub-TeV to TeV range to be kinemat-
ically accessible),MD must be large (in the few GeV range)
simultaneously. In the traditional “vanilla” seesaw mecha-
nism, we expect the light-to-heavy neutrino mixing VlN ∼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mν=MN

p ≲ 10−7 forMN ∼ 1 TeV, due to the smallness of
light neutrino mass mν ≲ 0.1 eV [16], thus making the
collider signal unobservable. However, if the Dirac and
Majorana mass matrices in (2) have specific textures which
can be enforced by some symmetries [10,17], VlN can be
naturally large while the light neutrinos remain massless at
the tree level. The observed nonzero neutrino masses and
mixing can be generated by approximately breaking the
underlying symmetry structure via radiative effects and/or
higher-dimensional operators. Such models allow the
possibility of having Oð100Þ GeV heavy Majorana neu-
trinos with a significant VlN , and hence, observable lepton
number violation (LNV) at the LHC [18], without being in
conflict with the neutrino oscillation data. We will generi-
cally assume this for our subsequent discussion, without
referring to any particular texture or model-building
aspects, and so treatMN and VlN as free phenomenological
parameters.
In this Letter we explicitly demonstrate the existence

of a novel production mechanism for heavy neutrinos at
the LHC which dominates over the previously considered
s-channelW-exchange diagram shown in Fig. 1. Within the
SM seesaw, there exist many reactions at parton level listed
in [11], which give rise to same-sign dileptons with n ≥ 2
jets. The contributions of most of these additional diagrams
are negligible compared to the that in Fig. 1, and have
therefore been neglected in all previous collider analyses.
As we show below, however, diagrams involving virtual
photons in the t-channel as shown in Fig. 2 give rise to
diffractive processes, such as

pp → W$γ$jj → l%Njj; (3)

which are not negligible, but infrared enhanced. In fact,
the inclusive cross section of these processes is divergent
due to the collinear singularity caused by the photon
propagator. As we increase the virtuality of the photon
by giving a large transverse momentum to the associated jet
(pj

T), the cross section becomes finite. Following the

Weizsäcker-Williams equivalent photon approximation
(EPA) for electrons [19], we may analogously write down
the cross section as a convolution of the probability that the
proton radiates off a real photon, by absorbing the collinear
divergence of the low-pj

T regime into an effective photon
structure function for the proton [20,21].
To establish the importance of the diagrams in Fig. 2,

we compare the inclusive cross section for Nl%jj with
the previously considered Nl% in Fig. 1. Note that the
pp → Nl%jj process receives contributions from both
hadronic and electroweak processes. The hadronic channels
mediated by virtual gluons and quarks give OðαsÞ correc-
tions to the production channel in Fig. 1 and drop at the
same rate as the pp → Nl% cross section, as the heavy
neutrino mass increases. The electroweak contributions
come from the virtual γ-exchange diagrams shown in
Fig. 2, and also from additional W%Z-mediated graphs
not shown here. All these Feynman graphs must be taken
into account, in order to get a gauge-invariant result. It turns
out that the total electroweak contribution drops at a rate
slower than the pp → Nl% cross section with increasing
heavy neutrino mass. This is mainly due to the infrared-
enhanced cross section of the γ-mediated processes in (3),
which have a significantly milder dependence onMN . As a
result, the production channel (3) dominates over the earlier
considered pp → Nl% channel with increasing MN .
Similar behavior is also expected with increasing center
of mass energy

ffiffiffi
s

p
in the pp collisions, as verified by our

numerical simulations given below. Thus, the process (3)
becomes increasingly important for heavy neutrino
searches at the LHC, for higher energies

ffiffiffi
s

p
and also

larger MN values. Consequently, it must be taken into
account in present and future analyses of the LHC data.

FIG. 2 (color online). Newheavyneutrinoproductionchannelsat
the LHC. Mirror-symmetric and Z-mediated graphs are not shown.

PRL 112, 081801 (2014) P HY S I CA L R EV I EW LE T T ER S
week ending

28 FEBRUARY 2014

081801-2

J
H
E
P
0
2
(
2
0
1
5
)
0
7
2

q1

q2

q
′

1

γ∗/Z

W

N

"+

q
′

2

Z
ν!

"+

N

Figure 6. Feynman diagrams for the DIS process q1q2 → N!±q′1q
′
2.

Those processes, however, scale as 1/ŝ and are not log-enhanced. A subset of these last

diagrams also represent higher-order QED corrections to the DY process.

To model DIS, we use MG5 and simulate eq. (2.31) at order α4. We impose4 at

the generator level a minimum on momentum transfers between initial-state and final-

state quarks

min
i,j=1,2

√

|(qi − q′j)
2| > ΛDIS

γ . (2.32)

This requirement serves to separate the elastic and inelastic channels from DIS. Sensitivity

to this cutoff is addressed in section 2.5.

In figure 3, we show the quark-quark parton luminosity spectrum Φqq′ , the source

of the DIS processes, and represented by the (orange) dash-diamond curves. Though

possessing the largest parton luminosity, the channel must overcome its larger coupling

and phase space suppression. At 14 and 100TeV, Φqq′ ranges 3− 5 times larger than Φqq′ .

The difference in size between Φqq′ and ΦEl (Inel) is due to the additional coupling αEM

in fEl (Inel)
γ/p .

In figures 4(a) and 4(b), we plot bare cross section as in eq. (2.7), denoted by the

(orange) dash-diamond curve. In figures 4(c) and 4(d), the same curves are normalized to

the DY rate. At 14 (100) TeV, the cross section ranges from 1− 60 (80− 500) fb, reaching

about 35% (80%) of the DY rate.

To compare channels, we observe that the DIS (elastic) process increases greatest

(least) with increasing collider energies. This is due to the increase likelihood for larger

momentum transfers in more energetic collisions. A similar conclusion was found for elastic

and inelastic γγ scattering at the Tevatron and LHC [59].

4For consistency, we also require the lepton cuts given in eq. (2.23) and a jet separation ∆Rjj > 0.4 to

regularize irrelevant γ∗ → qq diagrams, where ∆R ≡
√

∆φ2 +∆η2 with y = η ≡ − log[tan(θ/2)] in the

massless limit.
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this we perform

pp → N!±jj, N → !∓!±ν! (6)

switching on all the QED and QCD interactions. We also include the tripelton signal from the

t-channel photon mediated process (pp → N!±jj, N → !∓!±ν!). For this channel we need to

use all the QED interactions only. We consider the trilepton signal from

pa → N!±j, N → !∓!±ν! (7)

We also include the 2-jet QED processes using the folling process

pp → N!±jj, N → !∓!±ν!(QED) (8)

switching on only the QED processes.

We generate the 1-jet parton level and the 2-jet parton level processes separately in Mad-

Graph and then gradually hadronize and reform detecor simulations with Xqcut= 30 GeV and

QCUT=36 GeV for the hadronization. In our analysis we use the matched cross section after

the detector level analysis. After the signal events are generated we adopt the follwing basic

criteria, as used in the CMS trilepton analysis [24]:

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

(ii) The transverse momentum of at least one lepton: p!,leadingT > 20 GeV.

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

(iv) The pseudo-rapidity of leptons: |η|! < 2.4 and of jets: |η|j < 2.5 .

(v) The leptonlepton separation: ∆R!! > 0.1 and the lepton-jet sepration : ∆R!j > 0.3 .

(vi) The invariant mass of each opposite sign same flavor (OSSF) lepton pair: m!+!− < 75 GeV

or > 105 GeV to avoid the on-Z region which was ex- cluded from the CMS search. Events

with m!+!− < 12 GeV are rejected to eliminate background from low-mass DrellYan processes

and hadronic decays.

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

(viii) The missing transverse energy: Emiss
T < 50 GeV.

The additional trilepton contributions come from the N → Zν, hν, follwoed by the Z, h decay

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

contribution is suppressed due to very small Yukawa couplings of electrons and muons. Using

different values of the Emiss
T and the HT the CMS analysis provides [24] different number of

observed events and the corresponding SM background expectations. For our analysis the set

of cuts listed above are the most efficient ones as implemented by the CMS analysis [24]
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Figure 7: The upper left panel shows the 1-jet cross sections normalized by the square of the
mixing at the pjT > 10 GeV (dash), pjT >20 GeV (dot-dashed) and pjT > 30 GeV (dotted) and
the qq (solid) at the 8 TeV LHC as a function of the heavy neutrino mass (mN ). The upper
right panel shows the 2-jet cross sections normalized by the square of the mixing at the pjT >
10 GeV (dash), pjT >20 GeV (dot-dashed) and pjT > 30 GeV (dotted) and the qq (solid) at the
8 TeV LHC as a function of mN . The lower panel is same as the upper one but at the 14 TeV
LHC.
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Contribu8ons	  from	  the	  quark-‐quark	  and	  the	  quark-‐gluon	  interac8on	  
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Figure 8: The left panel shows the cross section normalized by the square of the mixing as a
function of mass of the heavy neutrino for the qq and the qg components of the 1-jet process at
the 8 TeV with three different pjT such that pjT > 10 GeV (solid), pjT > 20 GeV (dashed) and
pjT > 30 GeV (dot-dashed). The right panel shows the behavior of the processes with the same
pjT values at the 14 TeV.
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Figure 9: The left panel shows the cross section normalized by the square of the mixing as a
function of mass of the heavy neutrino for the qq, qg and gg components of the 2-jet process at
the 8 TeV with three different pjT such that pjT > 10 GeV (solid), pjT > 20 GeV (dashed) and
pjT > 30 GeV (dot-dashed). The right panel shows the behavior of the processes with the same
pjT values at the 14 TeV.
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function of mass of the heavy neutrino for the qq and the qg components of the 1-jet process at
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pjT > 30 GeV (dot-dashed). The right panel shows the behavior of the processes with the same
pjT values at the 14 TeV.
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Figure 9: The left panel shows the cross section normalized by the square of the mixing as a
function of mass of the heavy neutrino for the qq, qg and gg components of the 2-jet process at
the 8 TeV with three different pjT such that pjT > 10 GeV (solid), pjT > 20 GeV (dashed) and
pjT > 30 GeV (dot-dashed). The right panel shows the behavior of the processes with the same
pjT values at the 14 TeV.
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Cross	  sec8ons	  of	  the	  1-‐jet	  (proton-‐	  photon	  from	  proton)	  and	  
2-‐jet	  QED	  processes	  normalized	  by	  the	  square	  of	  the	  mixing	  
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Figure 10: The production cross section of the heavy neutrino normalized by the square of the
mixing as a function of mass at the 14 TeV. The solid line is the qq 0-jet interaction process.
The elastic pa 1-jet process for different pjT values are shown by the dashed lines. The inelastic
pa 1-jet processes are represented by the dotted lines. The deep inelastic process (QED 2-jet)
are depicted by the dot-dashed lines.

shell TeV scale heavy neutrino at the LHC. We consider the photon mediated processes which

has the infrared enhancement by the t-channel Wγ- fusion processess. There are three types

of photon mediated processes. In the first case the photon is radiated from the proton keeping

the initial proton intact and then the radiated photon interacts with another proton. We call it

the elastic proton-photon (pa) interaction. In this process the heavy neutrino is produced with

an associated lepton and a jet we name this as inelastic pa 1-jet process. A detailed analysis

of this process has been performed in [64]. In the other type a photon is radiated from the

fragmented proton and then interacts with another proton. This process is called the inelastic

pa interaction. In this process the heavy neutrino is also produced with an associated lepton

and a jet. This process is named as inelastic pa 1-jet process. These two processes are 1-jet

processes. The rest is the deep-inelatic process where the both of the colliding proton beraks

which we call the QED-2j processes. We have produce the heavy neutrino through the three

types of photon mediated processes considering mN = 1.5 TeV. In this case we switch off all the

QCD interactions.To produce these processes in colliders we consider the two different values

of the pjT cut such as 10 GeV and 20 GeV separately. Analyses of these processes are shown

in [65] with different other kinematic cuts. In Figure (10) we plot the cross sections of the

photon mediated elastic and inelastic 1-jet and QED-2j processes normalized by the square

of the mixing as a function of the heavy neutrino mass at
√
s = 14 TeV. In this analysis we

noticed that the qq 0-jet process is dominated by the elastic pa 1-jet process for pjT > 10 GeV

from mN > 855 GeV and for pjT > 20 GeV from mN > 905 GeV. The inelastic pa 1-jet process

10
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To derive the limits on |BN!|2, we calculate the normalized signal cross section σ
|BN!|2

LHC

as a function of the lightest heavy neutrino mass mN for both SF and FD cases, after 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 [24]

For the selection criteria listed above, the CMS experiment observed (a) 510 events with

the SM background expectation of 560±87 events for m!+!− < 75 GeV and (b) 178 events with

the SM background expectation of 200±35 events for m!+!− > 105 GeV. Thus, for case (a),

we have an upper limit of 37 signal events, and for case (b) an upper limit of 13 signal events.

This sets a direct upper bound on the light-heavy neutrino mixing parameter |BN!|2 for a given

value of mN , as shown in Figure (??) for both SF and FD cases discussed above. The FD case

becomes more efficient for higher values of mN , thus setting a more stringent limit on |BNL|2.

6.2 Same-sign di-lepton signal

For the same-sign dilepton signal we follow the follwoing production channels for the DY process

pp → N!±, N → !∓jj (9)

with all the possible QED and QCD vertices. In the previous section we have noticed that

the processes in Eqs. (2, (3), (4) and (5) have a great impact on the Majorana type heay

neutrino production. We consider these channels for the same-sign dilepton production. We

separately generate these events using MadGraph5aMC@NLO followed by the hadronization

and the detector simulation with the MLM matching scheme and xqcut=20 GeV. We used

QCUT=25 GeV in Pythia for the hadrnization according to MadGraph prescription with the

MLM scheme[6]-[10]. These processes are given by

pp → N!±j, N → !±jj, (10)

pa → N!±j, N → !±jj, (11)

pp → N!±jj, N → !±jj, (12)

pp → N!±jj, N → !±jj(QED) (13)

We put the upper bound on the mixing angle of the Majorana type heaby neutrino according

to an 8 TeV ATLAS alalysis at 20 fb−1 luminosity for the same-sign dilepton signal for the DY

case. In this case we consider the same-sign di-muon signal (! = µ).
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Table 3
Observed event yields and estimated backgrounds for each Majorana neutrino mass point (mN). The background predictions from the irreducible SM 
backgrounds (SM Bkgd.), misidentified muon background (Misid. Bkgd.) and total background (Total Bkgd.) are shown in columns 2–4, while column 5 
shows the number of events observed in data. The uncertainties shown are respectively the statistical and systematic components. As discussed in the text, 
the search was divided into low-mass (mN ≤ 80 GeV) and high-mass (mN > 80 GeV) regions, and different selection criteria were used in the two regions.
mN (GeV) SM Bkgd. Misid. Bkgd. Total Bkgd. Nobs

40 3.0±0.4±0.6 6.7±0.9±1.9 9.8±1.0±2.0 7
50 3.0±0.4±0.6 6.7±0.9±1.9 9.8±1.0±2.0 7
60 3.0±0.4±0.6 6.7±0.9±1.9 9.8±1.0±2.0 7
70 3.0±0.4±0.6 6.7±0.9±1.9 9.8±1.0±2.0 7
80 3.0±0.4±0.6 6.7±0.9±1.9 9.8±1.0±2.0 7
90 8.7±0.7±1.7 12.6±1.1±3.5 21.3±1.3±3.9 19

100 8.7±0.7±1.7 11.7±1.0±3.3 20.4±1.2±3.7 19
125 7.9±0.6±1.5 5.9±0.7±1.6 13.8±0.9±2.2 8
150 6.4±0.5±1.2 3.6±0.6±1.0 9.9±0.8±1.6 7
175 4.4±0.4±0.8 1.6±0.4±0.5 6.0±0.6±1.0 7
200 3.4±0.4±0.7 0.8±0.3±0.2 4.2±0.5±0.7 5
250 1.9±0.3±0.3 0.6±0.2±0.2 2.5±0.3±0.4 3
300 0.9±0.2±0.2 0.1±0.2±0.0 1.0±0.3±0.2 1
350 0.9±0.2±0.2 0.1±0.2±0.0 1.0±0.3±0.2 1
400 0.9±0.2±0.2 0.1±0.2±0.0 1.0±0.3±0.2 1
500 0.9±0.2±0.2 0.1±0.2±0.0 1.0±0.3±0.2 1

Fig. 4. Exclusion region at 95% CL in the cross section times branching fraction, as a 
function of the heavy Majorana neutrino mass. The long-dashed black curve is the 
expected upper limit, with one and two standard deviation bands shown in dark 
green and light yellow, respectively. The solid black curve is the observed upper 
limit. The region above the exclusion curves is ruled out. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of 
this article.)

energy of 8 TeV, using a data set corresponding to an integrated 
luminosity of 19.7 fb−1. No excess of events beyond the standard 
model background prediction is found. Upper limits at 95% CL are 
set on |VµN|2, as a function of heavy Majorana neutrino mass mN, 
where VµN is the mixing element of the heavy neutrino N with 
the standard model muon neutrino.

These are the first direct upper limits on the heavy Majo-
rana neutrino mixing for mN > 200 GeV. The limits for mN be-
tween 45 GeV and 90 GeV are comparable to the best limits from 
LEP [20,21], which are derived from Z → ν"N and are restricted 
to masses below approximately 90 GeV. The limits reported here 
extend well beyond this mass and are significantly better than pre-
vious LHC limits obtained at a center-of-mass energy of 7 TeV. For 
mN = 90 GeV we find |VµN|2 < 0.00470. Furthermore, the direct 
limits on |VµN| have been extended from mN ≈ 200 GeV up to 
mN ≈ 500 GeV. At mN = 200 GeV the limit is |VµN|2 < 0.0123, and 
at mN = 500 GeV the limit is |VµN|2 < 0.583.
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To derive the limits on |BN!|2, we calculate the normalized signal cross section σ
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as a function of the lightest heavy neutrino mass mN for both SF and FD cases, after 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 [24]

For the selection criteria listed above, the CMS experiment observed (a) 510 events with

the SM background expectation of 560±87 events for m!+!− < 75 GeV and (b) 178 events with

the SM background expectation of 200±35 events for m!+!− > 105 GeV. Thus, for case (a),

we have an upper limit of 37 signal events, and for case (b) an upper limit of 13 signal events.

This sets a direct upper bound on the light-heavy neutrino mixing parameter |BN!|2 for a given

value of mN , as shown in Figure (??) for both SF and FD cases discussed above. The FD case

becomes more efficient for higher values of mN , thus setting a more stringent limit on |BNL|2.

6.2 Same-sign di-lepton signal

For the same-sign dilepton signal we follow the follwoing production channels for the DY process

pp → N!±, N → !∓jj (9)

with all the possible QED and QCD vertices. In the previous section we have noticed that

the processes in Eqs. (2, (3), (4) and (5) have a great impact on the Majorana type heay

neutrino production. We consider these channels for the same-sign dilepton production. We

separately generate these events using MadGraph5aMC@NLO followed by the hadronization

and the detector simulation with the MLM matching scheme and xqcut=20 GeV. We used

QCUT=25 GeV in Pythia for the hadrnization according to MadGraph prescription with the

MLM scheme[6]-[10]. These processes are given by

pp → N!±j, N → !±jj, (10)

pa → N!±j, N → !±jj, (11)

pp → N!±jj, N → !±jj, (12)

pp → N!±jj, N → !±jj(QED) (13)

We put the upper bound on the mixing angle of the Majorana type heaby neutrino according

to an 8 TeV ATLAS alalysis at 20 fb−1 luminosity for the same-sign dilepton signal for the DY

case. In this case we consider the same-sign di-muon signal (! = µ).
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1. Introduction

The non-zero masses of neutrinos and mixing between flavors 
have been well established by neutrino oscillation experiments and 
provide evidence for physics beyond the standard model (SM) [1]. 
The most compelling way of explaining the smallness of the neu-
trino masses is the “seesaw” mechanism, which can be realized in 
several different schemes [2–11]. In the simplest model, the SM 
neutrino mass is given by mν ≈ y2ν v

2/mN, where yν is a Yukawa 
coupling of ν to the Higgs field, v is the Higgs vacuum expecta-
tion value in the SM, and mN is the mass of a new heavy neutrino 
state (N). In this scheme, N is a Majorana particle (which is its own 
antiparticle), so processes that violate lepton number conservation 
by two units are possible.

In this paper we describe a search for heavy Majorana neutrinos 
using a phenomenological approach [12–19]. We follow the studies 
in Refs. [17–19] and consider a heavy neutrino that mixes with 
the SM muon neutrino, with mN and VµN as free parameters of 
the model. Here VµN is a mixing element describing the mixing 
between the heavy Majorana neutrino and the SM muon neutrino.

Early direct searches for heavy Majorana neutrinos based on 
this model were reported by the L3 [20] and DELPHI [21] experi-
ments at LEP. They searched for Z → ν#N decays, where ν# is any 

! E-mail address: cms-publication-committee-chair@cern.ch.

SM neutrino (# = e, µ, or τ ), from which limits on |VµN|2 as a 
function of mN can be derived for Majorana neutrino masses up 
to approximately 90 GeV. More recently, the CMS experiment at 
the CERN LHC extended the search region up to about 200 GeV 
[22]. Several experiments have obtained limits in the low-mass re-
gion (mN < 5 GeV), including LHCb [23] at the LHC. The searches 
by L3, DELPHI, and LHCb allow for a finite heavy neutrino life-
time such that it decays with a vertex displaced from the inter-
action point, while in the search reported here it is assumed that 
the N decays with no significant displacement of the vertex. Pre-
cision electroweak measurements can be used to constrain the 
mixing elements, resulting in indirect 90% confidence level lim-
its of |VµN|2 < 0.0032 independent of heavy neutrino mass [24]. 
Other models with heavy neutrinos have also been examined. AT-
LAS and CMS at the LHC have reported limits on heavy Majorana 
neutrino production [25,26] in the context of the Left–Right Sym-
metric Model. ATLAS have also set limits based on an effective 
Lagrangian approach [26].

We report an updated search for the production of a heavy 
Majorana neutrino in proton–proton (pp) collisions at a center-
of-mass energy of 

√
s = 8 TeV at the LHC with a data set corre-

sponding to an integrated luminosity of 19.7 fb−1 collected with 
the CMS detector. We assume that the heavy Majorana neutrino 
is produced by s-channel production of a W boson, which de-
cays via W+ → Nµ+ . The N is assumed to be a Majorana particle, 
so it can decay via N → W−µ+ with W− → qq̄′ , resulting in a 

http://dx.doi.org/10.1016/j.physletb.2015.06.070
0370-2693/ 2015 CERN for the benefit of the CMS Collaboration. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
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Figure 8. Observed and expected 95% confidence level upper limits on the cross-section times
branching ratio for the production of mTISM heavy Majorana neutrinos as a function of the heavy
neutrino mass for (a) the ee channel and (c) the µµ channel. The limits on the mixing between the
heavy Majorana neutrinos and the SM neutrinos are shown in (b) and (d). Values larger than the
solid black line are excluded by this analysis.

7.2 Results in the LRSM signal region

The observed and expected numbers of events for the LRSM signal regions are shown in

table 5. There are no excesses observed above the expected numbers of background events.

The LRSM signal is expected to produce a peak in the invariant mass of the decay

products of the heavy gauge boson. This would be observed in the invariant mass distribu-

tionm!!j(j) (m!!jj(jj)) in theWR (Z ′) signal regions, as described in section 4. The observed

and predicted distributions are shown in figures 9 and 10. Binned likelihood fits are per-

formed to the invariant mass distributions and the profile-likelihood test statistic is used to

assess the compatibility of the data with the background-only and signal-plus-background

hypotheses. No significant excess is observed in the data compared to the background ex-

pectation and 95% CL upper limits on the cross-section of the production of heavy gauge

bosons decaying to heavy neutrinos within the LRSM are set using the CLs method. The

expected and observed cross-section exclusion limits as a function of the masses of the heavy

gauge bosons and heavy neutrino are shown for example mass points for both channels, ee

– 19 –
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CMS Criteria

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

(ii) The transverse momentum of at least one lepton: p!,leadingT > 20 GeV.

(iii) The jet transverse momentum: pjT > 30 GeV.
(iv) The pseudo-rapidity of leptons: |η!| < 2.4 and of jets: |ηj | < 2.5.
(v) The lepton-lepton separation: ∆R!! > 0.1 and the lepton-jet separation:

∆R!j > 0.3.
(vi) The invariant mass of each OSSF lepton pair: a) m!+!− < 75 GeV and b)

m!+!− > 105 GeV.
(vii) The scalar sum of the jet transverse momenta: HT < 200 GeV.
(viii) The missing transverse energy: /ET < 50 GeV.

•Case I : m!+!− < 75 : CMS has observed 510 events with the SM background
expectation 560±87 events . Upper limit of 510− (560− 87) =37 events.
•Case II: m!+!− > 105 : CMS has observed 178 events with the SM background
expectation 200±35 events. Upper limit of 178− (200− 35) =13 events.
• These set a 95 % CL on the mixing parameter as a function of the heavy
neutrino mass.
• The upper bound in FD case is twice stronger than that in the SF case as it was
expected.

Direct Bounds on Electroweak Scale Pseudo-Dirac Neutrinos from
√

s = 8 TeV LHC Data

for	  Anomalous	  mul8-‐lepton	  Search	  @	  8	  TeV,	  19.7	  e-‐1	  

(	  Table-‐III	  ,	  Phys.	  Rev.	  D	  90,	  032006	  )	  	  
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Figure 49: The square of the mixing angle as a function of the heavy neutrino mass using
the ATLAS data at the 8 TeV [84]. The 0-jet (0-jet8, 20.3 fb−1) result is compared with the
ATLAS bounds (ATLAS 8). The improved resluss with 1- jet (dashed, (0- jet+ 1- jet)8, 20.3
fb−1) and 2- jet (thick, solid,(0- jet+ 1- jet+ 2- jet)8, 20.3 fb−1) are shown with respect to the
ATLAS data from [84]. The tentative results with 0- jet (0- jet 14, 20.3 fb−1), 1- jet ((0- jet +
1- jet)14, 20.3 fb−1) and 2- jet ((0- jet + 1- jet + 2- jet)14, 20.3 fb−1) are plotted and compared
to (i) the χ2-fit to the LHC Higgs data [78] (Higgs), (ii) from a direct search at LEP [79](L3),
valid only for the electron flavor, (iv) CMS limits from

√
s =8 TeV LHC data [85] (CMS 8),

for a heavy Majorana neutrino of the muon flavor and (v) indirect limit from a global fit to the
electroweak precision data [80, 81, 82] (EWPD), for both electron (solid, EWPD- e) and muon
(dotted, EWPD- µ) flavors.
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Figure 50: The square of the mixing angle as a function of the heavy neutrino mass using
the ATLAS data at the 8 TeV [84]. The 0-jet (0-jet14, 20.3 fb−1) result is compared with the
ATLAS bounds (ATLAS 8). The improved resluss with 1- jet (dashed, (0- jet+ 1- jet)14, 300
fb−1) and 2- jet (thick, solid,(0- jet+ 1- jet+ 2- jet)14, 300 fb−1) are shown with respect to the
ATLAS data from [84]. The tentative results with 0- jet (0- jet 14, 1000 fb−1), 1- jet ((0- jet +
1- jet)14, 1000fb−1) and 2- jet ((0- jet + 1- jet + 2- jet)14, 1000 fb−1) are plotted and compared
to (i) the χ2-fit to the LHC Higgs data [78] (Higgs), (ii) from a direct search at LEP [79](L3),
valid only for the electron flavor, (iv) CMS limits from

√
s =8 TeV LHC data [85] (CMS 8),

for a heavy Majorana neutrino of the muon flavor and (v) indirect limit from a global fit to the
electroweak precision data [80, 81, 82] (EWPD), for both electron (solid, EWPD- e) and muon
(dotted, EWPD- µ) flavors.
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MN=100	  GeV,|Mixing|2	  0j	  :	  0.00335,	  	  
(0+1)j:0.002795,	  (0+1+2)j:0.002838	  	  
@	  8TeV,	  20.3	  e-‐1	  

MN=100	  GeV,|Mixing|2	  0j:	  0.0001092,	  
(0+1)j:0.0000887,(0+1+2)j:	  0.0000807,	  
@14	  TeV,	  300	  e-‐1	  
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Figure 52: The square of the mixing angle as a function of the heavy neutrino mass using the
CMS data at the 8 TeV [85]. The 0-jet (0-jet14, 300 fb−1) result is compared with the CMS
bounds (CMS 8). The improved resluss with 1- jet (dashed, (0- jet+ 1- jet)14, 300 fb−1) and
2- jet (thick, solid,(0- jet+ 1- jet+ 2- jet)14, 300 fb−1) are shown with respect to the CMS data
from [85]. The tentative results with 0- jet (0- jet 14, 300 fb−1), 1- jet ((0- jet + 1- jet)14,
1000 fb−1) and 2- jet ((0- jet + 1- jet + 2- jet)14, 1000 fb−1) are plotted and compared to (i)
the χ2-fit to the LHC Higgs data [78] (Higgs), (ii) from a direct search at LEP [79](L3), valid
only for the electron flavor, (iv) ATLAS limits from

√
s =8 TeV LHC data [84] (ATLAS 8), for

a heavy Majorana neutrino of the muon flavor and (v) indirect limit from a global fit to the
electroweak precision data [80, 81, 82] (EWPD), for both electron (solid, EWPD- e) and muon
(dotted, EWPD- µ) flavors.
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Figure 53: The 95 % CL upper limit on the light-heavy neutrino mixing parameter |V!N |2
as a function of the heavy Dirac neutrino mass mN , derived from the CMS trilepton data at√
s =8 TeV LHC for 19.5 fb−1 luminosity [77]. The exclusion (shaded) regions are shown for

two benchmark scenarios: (i) single flavor (SF) and (ii) flavor diagonal (FD), with two choices
of the selection cut ml+l−<75 GeV (thick dotted) and >105 GeV (thick solid). The previous
results with the selection cut ml+l−<75 GeV (thick dot-dashed) and >105 GeV (thick large-
dashing) at the 1-jet level are shown in this context from [31]. The corresponding conservative
projected limits from

√
s =14 TeV LHC data with 300 fb−1 integrated luminosity are shown

by thin solid lines (SF 14 and FD 14). Some relevant existing upper limits (all at 95% CL)
are also shown for comparison: (i) from a χ2-fit to the LHC Higgs data [78] (Higgs), (ii) from
a direct search at LEP [79](L3), valid only for the electron flavor, (iii) ATLAS limits from√
s =7 TeV LHC data [83] (ATLAS 7) and

√
s =8 TeV LHC data [84] (ATLAS 8), valid for

a heavy Majorana neutrino of the muon flavor, (iv) CMS limits from
√
s =8 TeV LHC data

[85] (CMS 8), for a heavy Majorana neutrino of the muon flavor and (v) indirect limit from a
global fit to the electroweak precision data [80, 81, 82] (EWPD), for both electron (solid) and
muon (dotted) flavors. The data for 1- jet case from [31] are shown by SF 75

i , SF 105
i , FD75

i and
FD105

i (large dashed lines).
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CONCLUSIONS	  
We	  studied	  the	  seesaw	  mechanism	  through	  Majorana	  
heavy	  neutrinos	  and	  inverse	  seesaw	  	  mechanism	  through	  
the	  pseudo-‐Dirac	  heavy	  neutrinos.	  

The	  produc8on	  mechanisms	  of	  the	  Heavy	  
	  Neutrino	  at	  the	  LHC.	  

We	  studied	  a	  variety	  of	  ini8al	  states	  such	  as	  quark-‐quark,	  	  
quark-‐gluon	  and	  the	  gluon-‐gluon	  fusions.	  

We	  used	  the	  same	  sign	  di-‐lepton	  signal	  for	  the	  	  
heavy	  neutrino	  produc8on	  in	  seesaw	  mechanism.	  

Seesaw:	  



Using	   the	   recent	   ATLAS	   and	   CMS	   analyses	   @	   8	  
TeV	  for	  the	  same	  sign	  di-‐lepton	  data	  we	  improve	  
the	  upper	  limit	  on	  |VlN|2	  for	  all	  the	  QED	  and	  QCD	  
processes.	  

We	  used	  the	  CMS	  results	  @	  8	  TeV	  to	  improve	  the	  	  
upper	  bound	  on|VlN|2	  from	  the	  	  tri-‐lepton	  	  
signal	  including	  all	  the	  QED	  and	  QCD	  processes.	  	  	  	  

We	  also	  put	  tenta8ve	  bounds	  @	  14	  TeV	  LHC	  for	  the	  
	  above	  signals.	  

Inverse	  Seesaw	  


