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Abstract: The non-zero masses of neutrinos are the first solid 
evidence beyond the Standard Model of particle physics. Seesaw 
mechanism is one of the extensions to the Standard Model, which is 
generating Majorana type light neutrinos with corresponding heavy 
neutrino mass states. In this model, the smallness of the light neutrino 
mass (υμ < 1 eV) is explained by having heavy neutrino mass at the 

TeV scale that is an accessible regime at particle colliders. In this 
paper, we describe a phenomenological study on heavy Majorana 
neutrino productions in proton-proton collisions at center-of-mass 
energies of 8 and 13 TeV. We consider that the heavy Majorana 
neutrino is produced by both dileptonic and trileptonic channels as 
production of a charged W boson. The cross section results of the 
heavy Majorana neutrinos for both same-sign and opposite-sign 
events in the dileptonic channel show a similar trend for the higher 
mass region starting from 300 GeV/c2 when a  pT > 5 GeV/c cut 
applied on leptons. The results also show that the production of such 
heavy mass neutrino particles is more likely to happen in the 
dileptonic channel than in the trileptonic channel. 

Hadron Çarpıştırıcılarında İki-leptonik ve Üç-leptonik Kanallarda Ağır Majorana 
Nötrino Araştırmalarına Fenomenolojik Yaklaşım 

Anahtar Kelimeler 
Nötrinolar,  
Ağır Majorana Nötrinoları,  
Büyük Hadron Çarpıştırıcısı 
(BHÇ),  
Alpgen,  
HVYN paketi,  
BHÇ deneyleri 

Özet: Nötrinoların kütlelerinin sıfırdan farklı olması, parçacık 
fiziğindeki Standart Modelin ötesindeki ilk somut kanıttır. Seesaw 
mekanizması, ağır nötrino kütle durumlarına karşılık gelen Majorana 
tipi hafif nötrinolar üreten Standart Modelin uzantılarından biridir. Bu 
modelde, hafif nötrino kütlesinin (υμ < 1 eV) küçüklüğü, parçacık 

çarpıştırıcıları ile erişilebilir olan TeV ölçeğindeki ağır nötrino kütlesi 
ile açıklanmaktadır. Bu makalede, kütle merkezi enerjileri 8 ve 13 TeV 
olan proton-proton çarpışmalarındaki ağır Majorana nötrino 
üretimleri üzerine fenomenolojik bir çalışma sunulmaktadır. Ağır 
Majorana nötrinolarının yüklü W bosonlarının aracılığı ile üretilen 
hem iki-leptonik hem de üç-leptonik üretim kanalları dikkate 
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alınmıştır. İki-leptonik kanaldaki hem aynı işaratli hem de zıt işaretli 
olaylar için ağır Majorana nötrinolarının tesir kesiti sonuçları 
leptonlar üzerine  pT > 5 GeV/c limiti uygulandığında 300 GeV/c2’den 
başlayarak daha yüksek kütleli bölgeler için benzer bir eğilim 
göstermektedir. Ayrıca sonuçlar bu tür ağır kütleli nötrino 
parçacıklarının üretiminin ikileptonik kanalda trileptonik kanala göre 
daha olası olduğunu göstermektedir. 

  
*Corresponding Author, email: etiras@fnal.gov 
 
1. Introduction  
 
The CMS [1] and ATLAS [2][3] experiments, state-of-art particle detectors have been collecting data since the Large 
Hadron Collider (LHC) started to smash high energetic proton bunches in 2007. The center-of-mass energy at the 
LHC was 7 TeV in 2011, 8 TeV in 2012, and it reached 13 TeV in 2015. The design collision energy of the LHC is 14 
TeV, and it is aimed to reach to that in the near future.   
 
The LHC has been the source of many exotic particles since it started to run. As weakly interacting particles, 
Neutrinos are not interacting with the detectors much, but the interaction of daughter particles (from the neutrino 
interactions) with the active detector elements nuclei can be reconstructed to understand neutrino nature.  The 
discovery of the neutrino oscillations established that neutrinos cannot be zero-mass particles as predicted by the 
Standard Model (SM) [4-6]. The tiny mass values of the observed neutrinos are explained with various extension 
models to the SM. Among those, Seesaw model type-I [7-15] is one of the most common mechanisms, which is 
generating light neutrinos with a corresponding heavy neutrino mass state, N. Both light and heavy neutrinos are 
Majorana type particles, and the lepton number conservation is violated by two units in the Majorana nature of 
neutrinos. In this model, the light neutrino mass is inversely related to the heavy mass neutrino state, so the 
smallness of the light neutrino (𝑚𝜈) is explained by the largeness of the heavy mass state N (𝑀𝑁), 𝑚𝜈 ≈ 𝑦𝜈

2𝜈2/𝑀𝑁 , 
where 𝑦𝜈  is a Yukawa coupling and 𝜈 is the Higgs vacuum expectation value in the SM. The numerator in the 
equation gives the Dirac type neutrino mass, 𝑚𝐷

2 = 𝑦𝜈
2𝜈2. The existence of heavy mass neutrino may help us to 

reveal the nature of neutrino masses and may also be a possible candidate for dark matter, which can help us 
explain the matter-antimatter asymmetry problem [16-22]. 
 

𝑉𝑙𝑁 =  [

𝑉𝑒𝑁1
𝑉𝑒𝑁2

𝑉𝑒𝑁3

𝑉𝜇𝑁1
𝑉𝜇𝑁2

𝑉𝜇𝑁3

𝑉𝜏𝑁1
𝑉𝜏𝑁2

𝑉𝜏𝑁3

] 

(1) 

 
Majorana studies have long been studied in accelerator-based hadron colliders like at Large Electron-Positron 
(LEP) Collider and the LHC some limits were set on the mixing matrix, 𝑉𝑙𝑁  in Eq. 1 shows the different flavor 
combinations and mixing parameters  between heavy mass state and lepton flavors, as shown in the Feynman 
diagrams, Fig. 1. 
 

 

 
Figure 1. The Feynman diagrams of dileptonic (left) and trileptonic (right) resonant production of heavy Majorana 
neutrino in proton-proton collisions. 
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Previously, the L3 [23] and DELPHI [24] experiments at LEP searched the Majorana neutrinos for 𝑍 →  𝜈𝑙𝑁 (𝑙 =

𝑒, 𝜇, 𝜏) decay channel and put limits on |𝑉𝜈𝑁|2 as a function of 𝑚𝑁 . Table 1 shows the limits on  |𝑉𝜇𝑁|
2

, |𝑉𝑒𝑁|2, and 

|𝑉𝑒𝑁  𝑉𝜇𝑁
∗ |

2
/ |𝑉𝑒𝑁|2 + |𝑉𝜇𝑁|

2
arising from different dileptonic channels (𝜇±𝜇±, 𝑒±𝑒±, 𝑒±𝜇±/𝜇±𝑒±) for the 

corresponding run-periods by the CMS experiment at CERN.  The ATLAS experiment also reported the results for 
heavy Majorana neutrinos at the center of mass energies of 8 TeV [25] and 13 TeV [26]. 
 
Table 1. CMS detector heavy Majorana search results for Dileptonic final state using 7 TeV (5.0 fb-1) [27], 8 TeV (19.7 fb-1) 
[28][29], and 13 TeV (35.9 fb-1) [30]. 

 7 TeV (5.0 fb-1) 8 TeV (19.7 fb-1) 13 TeV (35.9 fb-1) 

|𝑉𝜇𝑁|
2
 7.0×10

−2 MN = 90 GeV 

4.3×10
−1 MN = 203 GeV 

4.7×10
−3 MN = 90 GeV 

1.23×10-2 MN = 200 GeV 

5.83 × 10−1 MN = 500 GeV 

2.31 (1.9)×10
−5 MN = 40 GeV 

2.7 (1.6)×10
−1 MN = 1000 GeV 

 

|𝑉𝑒𝑁|2 2.2×10
−1 MN = 90 GeV      

4.3×10
−1 MN = 203 GeV 

2.0×10
−2 MN = 90 GeV 

1.7×10
−2 MN = 200 GeV 

7.1 × 10
−1 MN = 500 GeV 

9.5 (8.0)×10
−5 MN = 40 GeV 

4.2 (3.2)×10
−1 MN = 1000 GeV 

 

|𝑉𝑒𝑁  𝑉𝜇𝑁
∗ |

2

|𝑉𝑒𝑁|2 +   |𝑉𝜇𝑁|
2 

 

Not Available 
5.0×10

−3 MN = 90 GeV 

5.0×10
−3 MN = 200 GeV 

2.9 × 10
−1 MN = 500 GeV 

2.7 (2.7)×10
−5 MN =40GeV 

1.4 (1.4) × 10
−1 MN = 1000 GeV 

 

 
 
In this study, we have simulated heavy Majorana neutrino production and decay processes in both dileptonic (also 
known as s-channel, see Figure 1-left) and trileptonic (also known as t-channel, see Figure 1-right) using a custom, 
leading order (LO) Alpgen event generator (v2.14) [31] with LO parton distribution functions (PDFs), CTEQ6L and 
CTEQ6L1, and with next-to-leading order (NLO) PDF, CTEQ6M [32][33]. The interactions of Majorana neutrinos 
(N) with the charged lepton (𝑙±) and charged boson (𝑊±) as a mediated process are show in Equation 2, and the 
corresponding Feynman diagrams are shown in Figure 1. 
 

  𝑝𝑝 → 𝑙1
±𝑁,    𝑁 → 𝑙2

±𝑊∓,    𝑊∓ →  𝑗𝑗           (𝑑𝑖𝑙𝑒𝑝𝑡𝑜𝑛𝑖𝑐)   (2) 

  𝑝𝑝 → 𝑙1
±𝑁,    𝑁 → 𝑙2

±𝑊∓,    𝑊∓ →  𝑙3
± 𝜈       (trileptonic)                                                                                              

 
2. Methods and Simulation 
 
2.1. Simulation of s-channel and t-channel heavy neutrino mass production  

For physics processes of heavy Majorana neutrino production in hadron-hadron collisions, the HVYN package in 
the ALPGEN v2.14 framework was developed and implemented by F. del Aguila et al. [34]. The code was written 
in Fortran, a common compiled imperative programming language in 1950s, and we have written a bash script to 
enable robust computation.  

The SM provides LO matrix element calculations of 𝑑�̂� based on the ALPHA algorithm with common LO (CTEQ6L, 
CTEQ6L1, etc.) and NLO (CTEQ6M, etc.) PDF sets. In the HVYN package, both weighted and unweighted parton 
level event generations are possible. Weighted event generation is sufficient to produce results at the parton level, 
but in this study, we generated unweighted events to produce actual events, which can provide more realistic 
detector simulation studies for the particle interactions. During the unweighting stage, kinematics, flavors, colors, 
and spins of the events are reconstructed. Therefore, the cross sections in this study were calculated based on 
unweighted events with all the kinematics of the particles. Also, the particle selection process was done during the 
parton level to select only required particles in the final state.  

At 8 TeV proton-proton (pp) collision energy, 50k unweighted events were generated at each mass point of the 
heavy Majorana mass state were generated. However, to have more statistics at 13 TeV pp collision energy, we 
generated 200k events for each selected mass point of the heavy Majorana mass state in the low mass region, 40-
90 MeV, 100k events in the intermediate mass region, 100-300 MeV and 50k events in the high mass region, 350-
1500 MeV. Event samples at each mass point were generated for both dilepton (𝑒𝑒, 𝜇𝜇, 𝜇𝑒, 𝑒𝜇) and trilepton (𝑒𝑒𝑒,
𝑒𝑒𝜇, 𝑒𝜇𝑒, 𝑒𝜇𝜇, 𝜇𝜇𝑒, 𝜇𝜇𝜇) final state of the heavy Majorana mass neutrino production.  
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In this search channel of the heavy Majorana neutrinos at pp collisions, the study is pursued in dileptonic and 
trileptonic final-state combinations of electrons (e) and muons (𝜇) except taus (𝜏) since the mean lifetime of tau is 
so short, and it's challenging to reconstruct taus in accelerator experiments. For comparison purposes, the same-
sign (SS) and opposite-sign (OS) final state dilepton and trilepton events were generated. For further analysis with 
more statistics, the outputs of the SS and OS events as in Les Houches Event (LHE) files at each mass point were 
carefully combined by using a Python script.  

In the pp collisions, there are three potential sources for SS dilepton event candidates; the first one is WZ 

production, in which two prompt SS leptons are identified, and the other two are 𝑍 → 𝑙+𝑙−and 𝑊±𝑊∓ → 𝑙+𝜈  𝑙− 𝜈, 
in which the charge of one of the lepton pairs is mismeasured. The latter source is an important background for 
dielectron studies, but it is negligible for other lepton pairs such as dimuon and electron-muon studies.   

In this study, we calculated the estimates for heavy Majorana neutrino production at pp collisions for the two 
regimes: m(N) < MW and m(N) > MW. The former case is an off-shell production in which W is a virtual particle, and 
reconstruction of the heavy Majorana mass and surpassing the background wouldn't be easy. On the other hand, 
the latter case is an on-shell production that reduces the background further and allows to be reconstructing the 
mass of heavy state. 

3. Results 
 
Figure 2 compares LO cross section predictions at 8 and 13 TeV of pp collisions as a function of the heavy Majorana 
neutrino mass (N). The selected mass points are the mass points used officially for 8 TeV and 13 TeV physics 
analyses by CMS Collaboration at CERN. The cross section prediction is at least a factor of 2 higher at 13 TeV than 
at 8 TeV in all mass regions except at 90 GeV/c2. 

 
Figure 2. Leading order cross section for resonance production of a Majorana neutrino as a function of Majorana neutrino 
mass, N. 

3.1 Dileptonic Final State  

Majorana neutrino production channel, which has two leptons at the final state produced via s-channel with a 
different processes is shown in Equation 3. Depending on the sign of the W boson, the first lepton could be l− or 
l+and N, the heavy Majorana, could decay l+W− or l−W+ leading to the final events containing two leptons  with 
same-sign (SS) or opposite-sign (OS). 
 

pp → l1
+N,    N → l2

+W−,    W− →  jj, l = e, μ (SS)  

pp → l1
−N,    N → l2

−W+,    W+ →  jj, l = e, μ (SS) 
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pp → l1
+N,    N → l2

−W+,    W+ →  jj, l = e, μ (0S) (3) 

pp → l1
−N,    N → l2

+W−,    W− →  jj,         l = e, μ (0S)  

 
The heavy Majorana neutrino production and decay processes, Figure 3, are simulated using the LO event 
generator described in [34] and implemented in ALPGEN v2.14 with the NLO CTEQ6M PDF at the center-of-mass 

energy, √s = 13 TeV as a function of Majorana neutrino mass. Figure 3 shows the cross section of heavy Majorana 
mass neutrinos for both SS and OS dilepton (μμ in this case) events. In the left plot, there is no transverse 
momentum (pT) cut on leptons, and this plot shows a discrepancy at the higher Majorana mass. In the right plot, a 
selection cut of  pT > 5 GeV/c  is applied to the leptons, and the plot shows that SS and OS cross section results are 
compatible with the optimized PT cut on leptons. 
 

  
Figure 3. Cross section of Majorana neutrinos at √𝑠  = 13 TeV as a function of the mass of Majorana particles, N. The left-
plot shows the cross section results of same-sign and opposite-sign final state lepton pairs without a 𝑝𝑇 cut on the leptons, 
and the right-plot is with a 𝑝𝑇> 5~GeV/c cut on leptons. 

 

Figure 4 shows the cross section results that are calculated using LO event generator with the CTEQ6M PDFs at √𝑠 
= 13 TeV. The left plot shows the comparison of dilepton channels 𝜇𝜇, 𝑒𝑒, 𝑒𝜇/𝜇𝑒, and the right plot shows the 
comparison of the different PDFs; CTEQ6M (NLO), CTEQ6L (LO) and CTEQ6L1 (LO) for the 𝜇𝜇 final state. On the 
left plot, the results for 𝜇𝜇 and ee dileptonic channels are similar, but they have slightly higher cross section values 
compared to the 𝑒𝜇/𝜇𝑒 dileptonic channel at the higher mass region starting from 300 GeV/c2. The different PDFs 
with LO and NLO show the indistinguishable results for dileptonic channels. 
 

  
Figure 4. Cross section of Majorana neutrinos at √𝑠 = 13 TeV as a function of the mass of Majorana particles, N. The left plot 
shows the results for dilepton channels (𝜇𝜇, 𝑒𝑒, 𝑒𝜇/𝜇𝑒), and the right plot is the comparison of the different PDFs (CTEQ6M, 
CTEQ6L, CTEQ6L1) for the 𝜇𝜇 final state. 

3.2 Trileptonic Final State  

𝑝𝑝 → 𝑙1
+𝑁,    𝑁 → 𝑙2

+𝑊−,    𝑊− →  𝑙3
− 𝜈,     𝑙 = 𝑒, 𝜇   (𝑆𝑆)  

 
𝑝𝑝 → 𝑙1

−𝑁,    𝑁 → 𝑙2
−𝑊+,    𝑊+ →  𝑙3

+ 𝜈,     𝑙 = 𝑒, 𝜇   (𝑆𝑆) 
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𝑝𝑝 → 𝑙1
+𝑁,    𝑁 → 𝑙2

−𝑊+,    𝑊+ →  𝑙3
+ 𝜈,     𝑙 = 𝑒, 𝜇   (𝑂𝑆) (4) 

𝑝𝑝 → 𝑙1
−𝑁,    𝑁 → 𝑙2

+𝑊−,    𝑊− →  𝑙3
− 𝜈,     𝑙 = 𝑒, 𝜇   (𝑂𝑆) 

The trileptonic final state processes and possible interactions are listed below in Equation 4. The 3rd lepton in the 
trileptonic final state comes from the W boson decaying into a lepton and a neutrino in the final state instead of 
two jets. Like the case in the dileptonic final state, the state of being SS or OS depends on the lepton that forms N 
and on the state where N decays. 

  
Figure 5. Cross section of Majorana neutrinos at √𝑠  = 13 TeV as a function of the mass of Majorana particles, N. The left 
plot shows the cross section results for same-sign and opposite-sign for trileptonic final state, and the right plot is the 
comparison of the dileptonic and trileptonic final state. 

 
For the trileptonic final state, the cross section of all possible lepton flavors (𝑒𝑒𝑒, 𝜇𝜇𝜇, 𝑒𝑒𝜇/𝑒𝜇𝑒, 𝑒𝜇𝜇/𝜇𝜇𝑒) 
interactions are calculated by using ALPGEN v2.14 generator as described previously. Figure 5 on the left shows 

the SS and OS results for 𝜇𝜇𝜇 trileptonic final state at √𝑠 = 13 TeV without any  𝑃𝑇  cut, and the right plot shows the 
comparison of the dileptonic channel for 𝜇𝜇 + 2 jets and the trileptonic channel produced via 𝜇𝜇 +  𝜇𝜈. The cross 
section prediction of the dileptonic channel is almost a factor of 10 higher than the corresponding results of the 
trileptonic channel. This shows that dileptonic channels for heavy Majorana search at hadron colliders are more 
favorable than the trileptonic channels 

Table 2. Cross section of Majorana neutrinos at √𝑠  = 13 TeV as a function of heavy Majorana mass, N. The table shows the 
comparison of the different PDFs (CTEQ6M, CTEQ6L, CTEQ6L1) for the 𝜇𝜇 final state. 

Mass CTEQ6M CTEQ6L CTEQ6L1 
40 2.654e+03 2.365e+03 2.542e+03 
50 1.876e+03 1.673e+03 1.797e+03 
60 1.068e+03 9.491e+02 1.023e+03 
70 3.614e+02 3.327e+02 3.774e+02 
80 3.331e+01 3.021e+01 3.331e+01 
90 1.284e+01 1.144e+01 1.284e+01 

100 6.415e+00 5.803e+00 6.143e+00 
125 1.990e+00 1.804e+00 1.906e+00 
150 8.735e-01 8.010e-01 8.364e-01 
175 4.559e-01 4.110e-01 4.366e-01 
200 2.710e-01 2.380e-01 2.485e-01 
250 1.091e-01 9.721e-02 1.000e-01 
300 5.219e-02 4.666e-02 4.786e-02 
350 2.724e-02 2.474e-02 2.609e-02 
400 1.551e-02 1.406e-02 1.422e-02 
500 5.722e-03 5.222e-03 5.247e-03 
600 2.404e-03 2.213e-03 2.302e-03 
700 1.102e-03 1.034e-03 1.055e-03 
800 5.508e-04 5.212e-04 5.274e-04 
900 3.002e-04 2.786e-04 2.875e-04 

1000 1.636e-04 1.569e-04 1.567e-04 
1250 4.655e-05 4.463e-05 4.655e-05 
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1500 1.645e-05 1.550e-05 1.575e-05 
 
 
 
 
Table 3. Cross section of Majorana neutrinos at √𝑠 = 13 TeV as a function of heavy Majorana mass, N. The table shows the 
cross section results for dilepton channels (𝜇𝜇, 𝑒𝑒, 𝑒𝜇/𝜇𝑒). 

Mass 𝜇𝜇 + 𝑗𝑗 𝑒𝑒 + 𝑗𝑗 𝑒𝜇/𝜇𝑒 + 𝑗𝑗 
40 2.567e+03 2.568e+03 2.569e+03 
50 1.818e+03 1.817e+03 1.818e+03 
60 1.031e+03 1.031e+03 1.031e+03 
70 3.614e+02 3.609e+02 3.608e+02 
80 3.297e+01 3.296e+01 3.300e+01 
90 1.254e+01 1.253e+01 1.253e+01 

100 6.374e+00 6.374e+00 6.339e+00 
125 1.987e+00 1.986e+00 1.951e+00 
150 8.714e-01 8.713e-01 8.450e-01 
175 4.533e-01 4.530e-01 4.329e-01 
200 2.623e-01 2.621e-01 2.466e-01 
250 1.068e-01 1.067e-01 9.683e-02 
300 5.101e-02 5.100e-02 4.446e-02 
350 2.691e-02 2.691e-02 2.250e-02 
400 1.520e-02 1.519e-02 1.219e-02 
500 5.577e-03 5.576e-03 4.153e-03 
600 2.339e-03 2.448e-03 1.631e-03 
700 1.083e-03 1.085e-03 7.135e-04 
800 5.432e-04 5.426e-04 3.396e-04 
900 2.891e-04 2.891e-04 1.759e-04 

1000 1.627e-04 1.627e-04 9.376e-05 
1250 4.633e-05 4.830e-05 2.512e-05 
1500 1.685e-05 1.460e-05 8.460e-06 

 
Table 4. Cross section of Majorana neutrinos at √𝑠  = 13 TeV as a function of heavy Majorana mass, N. The table shows the 
cross section results of same-sign and opposite-sign trileptonic final state. 

Mass SS: (𝑙±𝑙±) 𝑙∓𝜐 OS: (𝑙±𝑙∓) 𝑙±𝜐 
40 4.220e+02 4.222e+02 
50 2.980e+02 2.984e+02 
60 1.690e+02 1.696e+02 
70 5.920e+01 5.905e+01 
80 5.350e+00 5.340e+00 
90 2.010e+00 2.015e+00 

100 1.020e+00 1.022e+00 
125 3.150e-01 3.192e-01 
150 1.390e-01 1.420e-01 
175 7.180e-02 7.425e-02 
200 4.130e-02 4.328e-02 
250 1.670e-02 1.802e-02 
300 7.960e-03 8.870e-03 
350 4.200e-03 4.849e-03 
400 2.370e-03 2.845e-03 
500 8.760e-04 1.128e-03 
600 3.700e-04 5.052e-04 
700 1.720e-04 2.444e-04 
800 8.670e-05 1.246e-04 
900 4.640e-05 6.611e-05 

1000 2.610e-05 3.618e-05 
1250 7.440e-06 8.925e-06 
1500 2.590e-06 2.508e-06 
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Since there are extra partonic processes included into the diagram in NLO cross section, the expectation is the NLO 
cross section to be higher than the LO cross section. Therefore, NLO cross section provides more realistic and 
reliable results while compared with the data [35-37]. However, we simulated LO cross section with LO and NLO 
PDFs due to the lack of NLO cross section processes in ALPGEN v2.14 generator. So, we expect to have more 
realistic and reliable outcomes by having LO cross section results with LO and NLO PDFs. The results in Table 3 
and the comparison in the right plot of Figure 2 shows that the cross section results obtained with NLO PDF is 
slightly higher than the cross section results obtained with LO PDF. This is because extra partonic processes are  
included in the diagram in NLO. 
 
4. Discussion and Conclusion 
 
One of the extensions to the SM to explain the neutrino's mass origin is the Seesaw type-I model. In this model, 
light neutrinos (𝜇𝜐  < 1 eV) are produced with very heavy neutrinos at the TeV scale. In this study, the cross section 
predictions of heavy Majorana neutrino mass production via dileptonic and trileptonic channels at 8 and 13 TeV, 
center of mass energy in proton-proton collisions are provided.  
 
For the cross section predictions, the HVYN package in the ALPGEN framework is used with LO CTEQ6L and 
CTEQ6L1, and NLO CTEQ6M PDFs. As expected, the cross section values at 13 TeV is higher than the 8 TeV results 
in all mass regions. The cross section results of heavy Majorana mass neutrinos for both same-sign and opposite-
sign dilepton channels with a  pT > 5 GeV/c cut on leptons show a similar trend for the higher mass region starting 
from 300 GeV/c2. The results show that if there is such heavy mass neutrino particles, producing them in dileptonic 
final state has a higher possibility than producing them in the trileptonic decay mode in proton-proton collisions.  
 
We conclude that if the main interest is in making prediction on some new processes (such as heavy Majorana 
neutrinos) in some new kinematic region, not included in our global fit, then the difference in using LO PDF + LO 
matrix element and NLO PDF + LO matrix element is at higher order in 𝛼𝑠 which is beyond the accuracy of the 
calculation we are performing. If the interest is in making prediction on some new process using, e.g., Madgraph 
with initial state parton showering, using a consistent showering code would be ideal. If the showering is done 
correctly only at the LO (such as the default in PYTHIA), then one should use LO PDF, though there are some recent 
efforts to incorporate a LO showering with NLO PDFs (and NLO matrix element). 
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