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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 current experimants on the neutrino oscillation phenomena indicate the
existance of a tiny neutrino mass.

•Extend the SM.

• Seesaw mechanism → right handed singlet massive Majorana neutrino (NR) to
extend the SM

•LSeesaw ⊃ −mD ν̄LNR − 1
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RNR + h.c :mν =

(
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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)

W+
µ

Nm

− g√
2
γµPLR

em

Z 0

Nm

− g
2cW

γµPLN †R

νm

LCC = − g√
2
Wµemγ

µPL (Nνm +RNm) + h.c ., (6)

LNC = − g

2cw
Zµ

[

νmγ
µPL(N †N )νm + Nmγ

µPL(R†R)Nm

]

− g

2cw
Zµ

[

νmγ
µPL(N †R)Nm + h.c .

]

(7)

em, νm, Nm are the three generations of the leptons in the vector form.
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→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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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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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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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.
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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 inclusive 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 DY (solid) at the 8 TeV LHC as a function of the Majorana heavy neutrino mass (mN ).
The upper right panel shows the 2-jet inclusive 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 DY (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.

and
√
s =14 TeV LHC. The inclusive production cross section normalized by the square of the

mixing of the Majorana heavy neutrino from the DY, 1-jet and 2-jet processes are shown in

Figure (7).

The upper left panel of the Figure (7) shows that the inclusive 1-jet process at
√
s = 8 TeV

dominates over the DY process for the pjT > 10 GeV when mN > 95 GeV. If we use pjT > 20

GeV, the contribution from this pocess is almost equal to that of the DY process when mN >

650 GeV. In case of the pjT > 30 GeV the inclusive 1-jet process is always dominated by the DY

process up to mN = 1 TeV. The pjT cut in the inclusive process puts a finite momentum for the

gluons which in turn makes the t-channel qg fusion finite. More the pjT value increases, more

the process becomes finite. The cut pjT > 30 GeV is stong enough for the 1-jet inclusive process

to be dominated by the DY at
√
s = 8 TeV. The right panel shows the inclusive 2-jet processes
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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 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 10: The production cross section of the Majorana Heavy neutrino normalized by the
square of the mixing as a function of mass at the 14 TeV. The solid line is the DY process.
pjT > 10 GeV is shown by the dashed lines and the pjT > 20 GeV are represented by the dotted
lines.
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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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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	
  	
  tri-­‐lepton	
  signal	
  at	
  	
  

LHC Constraints

• Recently CMS has presented a model independent search of anomalous
production of events with at least three isolated charged leptons using 19.5 fb−1

data at
√
S =8 TeV LHC. [arXiv:1404.5801[hep-ex]].

• The experimental results are consistent with the SM expectations.

•We utilize the CMS results to derive the first direct collider limits on the
pseudo-Dirac heavy neutrino mass and their mixing with the active neutrinos.

• We perform the simulation study using MadGraph bundled with Pythia and
Delphes for the collider signature of the trilepton+ missing energy from the heavy
(pseudo-Dirac) neutrino with the same search criteria applied by the CMS.

• Then we compare our signal events with the CMS observed data.

Direct Bounds on Electroweak Scale Pseudo-Dirac Neutrinos from
√

s = 8 TeV LHC Data
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  19.	
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CONCLUSIONS	
  
•  We	
  studied	
  the	
  seesaw	
  and	
  the	
  inverse	
  seesaw	
  mechanisms	
  for	
  
genera8on	
  of	
  the	
  SM	
  neutrino	
  mass	
  including	
  the	
  heavy	
  right	
  
handed	
  neutrinos.	
  

•  The	
  produc8on	
  mechanisms	
  of	
  the	
  Heavy	
  Neutrino	
  at	
  the	
  LHC.	
  
•  We	
  studied	
  the	
  contribu8ons	
  from	
  the	
  quark-­‐quark,	
  quark-­‐gluon	
  	
  
and	
  the	
  gluon-­‐gluon	
  fusions	
  to	
  produce	
  the	
  heavy	
  neutrinos.	
  

•  Using	
  the	
  recent	
  ATLAS	
  analysis	
  of	
  the	
  same	
  sign	
  di-­‐lepton	
  data	
  
we	
  improve	
  the	
  upper	
  limit	
  on	
  the	
   	
  mixing	
  angle	
  including	
  all	
  the	
  
QED	
  and	
  QCD	
  processes.	
  

•  We	
  used	
  the	
  same	
  sign	
  di-­‐lepton	
  signal	
  for	
  the	
  heavy	
  neutrino	
  	
  
produc8on.	
  	
  	
  

•  We	
  use	
  the	
  CMS	
  results	
  to	
  improve	
  the	
  upper	
  bound	
  from	
  the	
  	
  
tri-­‐lepton	
  signal	
  including	
  all	
  the	
  QED	
  and	
  QCD	
  processes.	
  	
  	
  	
  


