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Assuming B >> M >> B’ we have 
mass eigenvalues of

B
B

M 2

and

Majorana Dirac
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2 same-sign same-flavor 
muons to target 
Majorana neutrinos
(pT > 20, 15 GeV)

Low MET (< ~30 GeV)

M(lljj), pTμ1, and pTμ2 lower limits are optimized  

M(N) > 90 GeV:
Require 4-object         
invariant mass close to W

M(N) < 90 GeV:
Require di-jet invariant
mass close to W

Select 2 same-sign muons and 2 jets,
But reject events with additional leptons



Largest background source is mis-reconstructed muons

Muon “fake” rate 
estimated in di-jet events

Other backgrounds are estimated from MC.
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Low Mass Selection
M(N) < 90 GeV

High Mass Selection
M(N) > 90 GeV
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Cross-section Limits
(assuming unitary mixing)

Majorana neutrino mixing 
parameter 
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Left-Right Symmetric Standard Model

Gauge 
Group

𝑆𝑈(3) × 𝑆𝑈 2 𝐿 × 𝑆𝑈 2 𝑅 × 𝑈(1)

Fermions
𝑄𝐿 = 𝑢𝑖 , 𝑑𝑖

𝐿
, 𝐿𝐿 = 𝑙𝑖 , 𝜈𝑖

𝐿

𝑄𝑅 = 𝑢𝑖 , 𝑑𝑖
𝑅

,𝐿𝑅 = 𝑙𝑖 , 𝑁𝑖
𝑅

Gauge 
Bosons

𝑔𝑖𝑗 ,𝑊𝐿
±,𝑊𝑅

±, 𝑍0, 𝑍′, 𝛾

Higgs 
Boson

Φ =
𝜙1
0 𝜙2

+

𝜙1
− 𝜙2

0 ,Δ𝐿,𝑅 =
 𝛿+ 2 𝛿++

𝛿0 −  𝛿+ 2
𝐿,𝑅
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Indirect limits from K & B mixing
M(WR)  > 3.0 TeV

Direct Limits from 
- W’→tb search
- Z* →NN

,b

,b
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WR
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22  R

Variable of merit in the search: ℓℓjj mass

Very high pT lepton (pT > 60 GeV)

Remaining lepton and 
jets pT > 40 GeV

Jets and leptons 
well separated 
(ΔR(ℓ,j) > 0.5)

Highest pT same flavor 
leptons (e or μ), jets used to 
assemble the WR candidate



𝑡  𝑡 DY + Jets

Signal Region
Mℓℓ > 200 GeV

𝑡  𝑡 background estimated from 𝑒𝜇𝑗𝑗 final state

Normalized to 𝑒𝑒𝑗𝑗 and 𝜇𝜇𝑗𝑗 final states 
independently

Other backgrounds estimated directly from MC
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Electron Muon
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Electron Muon Combined
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 CMS conducted two searchs for a heavy right-
handed neutrinos
 Search for majorana neutrinos

▪ No significant deviation from expectations seen

▪ Excludes new territory for low mass N

 Search for WR

▪ Muon channel sees no disagreement with SM predictions

▪ Electron channel shows 2.8σ deviation from SM at 2.1 TeV

▪ Maximum exclusion to ~3TeV in M(WR)

 With increased energy and luminosity coming 
next month this may be an exciting channel
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 2.1 fb-1 @ 7 TeV
 2 leptons (> 25 GeV)
 1 or 2 jets (> 20 GeV)
 M(ll) > 110 GeV
 ΔR > 0.5 between 

lepton and jet
 M(llj(j)) > 400 GeV
 Split into SS and OS
 OS : St > 400 GeV
 Doi:10.1140/epjc/s10052

-012-2056-4
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ATLAS μμ channel

ATLAS eμ channel

ATLAS  ee channel

ATLAS results: Joel Klinger, “Search for heavy Majorana neutrinos in pp collisions at sqrt(s)=8 
TeV with the ATLAS detector.“ Ph.D. Thesis, University of Manchester; 2014 
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CMS working on ee and eμ channels


