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Heavy neutral leptons (HNL)

Direct searches provide existing constraints 
and future projections on the mass and 
couplings with νSM  
(filled areas - excluded; contours - projected experiments) 
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Right-handed HNL as potential solution for 
some of the outstanding problems of the SM. 

Origin of the SM neutrino masses (seesaw 
mechanism); 
dark matter candidate; 

matter-antimatter asymmetry.
arXiv:hep-ph/0503065

- only interact with νSM  through mixing: 
 νSM —> N

arXiv:1901.09966

https://arxiv.org/pdf/1901.09966.pdf
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• mN < mK 


• Using K decays, such as 
K± → ℓN,  K± → µµπ 


• E.g. NA62  

• mN < mD,B 


• Explored at colliders  
(e.g. Belle, LHCb) or 
beam-dump experiments 
(e.g. SHiP)

• mN < mZ 


• Results from LEP (Z → νN)


• Currently explored at the 
LHC (ATLAS, CMS)

• mN > mZ 


• LHC can exceed the limits 
from electroweak precision 
data

arXiv:1502.06541 [hep-ph]

Direct searches: state and projections

!3
By D. Trocino

https://arxiv.org/abs/1502.06541
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HNL production and decay at LHC

• Final states with multiple charged-leptons (Nl± ) are experimentally more 
accessible

arXiv:1812.08750- Hight momentum lepton -> easy to trigger 
- Relatively large cross section  
- for high N masses VBF channel (Wγ fusion) becomes important
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W±(*) —> l+N (or Z/H —> νN)  

�4

from very small (prompt 
decays) to macroscopic 
distances from production 
vertex (displaced decays) at 
very low mass and couplings.

~ CMS excluded

Searches for prompt signatures

• HNL decays:  
• HNL lifetime: smaller is the mass or the N- mixing — longer N lives

https://arxiv.org/abs/1812.08750


M. Vit  —  HNL Searches30.07.2020

W±

N
W±(⇤)

q̄0

q

⌫

`±

`⌥

`±

W±

N
W±(⇤)

q̄0

q

⌫

`±

`⌥

`±
l1 

l2 

j 

j 

• Trilepton + missing energy (ν) 

‣ no clear mN peak 

‣ can identify e and μ down to few GeV  
→  low mN 

HNL from W decays: signal signatures
• Dilepton + 2 jets 

‣ fully reconstruct mN peak 

‣ mostly sensitive to  
- high mN  (jet pT ≳ 30 GeV)
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Depending on the nature of these heavy neutral leptons (HNL), decays can conserve 
or violate the lepton number  

‣ Dirac:  lepton number conserved (LNC) —> l1  and l2  OS 

‣ Majorana:  lepton number conserved (LNC) or violated (LNV) (LNV/LNC ratio is model 
dependent) 

LNC:  l1 and l2  OS 
LNV:  l1 and l2   SS
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HNL in three leptons final 
state 
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Search for a heavy neutral lepton N of Majorana nature decaying into a W boson and a charged 
lepton. The targeted signature consists of three prompt charged leptons in any flavor combination 
of electrons and muons.

Trilepton final state
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Run2 data

Signal features and identification 
Trilepton + missing energy (ν) 
lepton PT spectra are very soft for low masses; 
leptons from HNL decay assumed to be prompt; 
moderate ETmiss, very small hadronic activity;
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Two orders of magnitude background for events with an OSSF pair

CMS-EXO-17-012

Background

https://arxiv.org/abs/1802.02965
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Trilepton final state
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mN = 10 GeV 
mN = 60 GeV 
mN = 200 GeV

Search strategy 
2 categories:  
low mass mN < mW: 

categorize according to PT(leading) 

Low pT threshold 

Only use events without an OSSF pair 

High mass mN > mW: 

Both OSSF and NO_OSSF 
High pT threshold 

Search variables: 
M2lOS, proxy for mN 
MT, very high for high mN 
M3l, for background rejection
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https://arxiv.org/abs/1802.02965
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Trilepton final state
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Run2 data
Final results
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New sensitivity  
These are the first direct limits 
for N masses above 500 GeV  
The first limits obtained at a 
hadron collider for N masses 
below 40 GeV

lifetime

No deviations from the SM are observed; 
upper limits set on νSMN coupling strengths 
VeN and VµN

The data were collected in pp collisions at a 
√s = 13 TeV, with an integrated luminosity of 
35.9 fb-1 during 2016 Run.

CMS-EXO-17-012

https://arxiv.org/abs/1802.02965


HNL in two same-sign 
leptons final state 
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Search is performed for a heavy Majorana neutrino (N), produced by leptonic decay of a W boson 
propagator and decaying into a W boson and a lepton. The signature used in this search consists of 
two same-sign leptons, in any flavor combination of electrons and muons, and at least one jet.

Dilepton-lljj final state
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Run2 data

Signal features and identification 
Signal contains jets from hadronic W 
Jet reconstruction highly depends on mN  

Low mN: jet may fail to be reconstructed → 1 jet; 
Intermediate mN: both jets reconstructed → 2 jets; 
Very high mN: due to boost jets might merge → 1 fat jet 

Search split into several jet-content categories: 
≥ 2 jets (anti-kT 0.4): target low and high-mass N 
= 1 jet (anti-kT 0.4): low mass N 
≥ 1 fat-jet (anti-kT 0.8): high mass N

CMS-EXO-17-028

Background
non-prompt l 

• Dominated by W + hets and tt →1l 
• Second lelpton from jet-fragmentation  

WZ, ZZ: 
• Multiple prompt leptons 
• One or several leptons fail selection

conversions: 
• dominated by Wγ* with γ* → 2l 

Mismeasured charge: 
• Charge of lepton wrongly measured 
• Negligible for µ 
• Dominated by DY → ee

https://arxiv.org/abs/1806.10905
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Dilepton-lljj final state
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Run2 data
CMS-EXO-17-028

Search strategy 
Search variables: 

Mlljj, peaks at mW for light N, very large for heavy N  
Mll, good at rejecting backgrounds 
Mljj, peaks at mN 

         

optimization strategy: 
Construct bin with optimal significance for every mN  
Single-bin counting experiment per mN

https://arxiv.org/abs/1806.10905
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Dilepton-lljj final state
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Run2 data
CMS-EXO-17-028

Final results

New sensitivity  
First direct limits for mN > 1.2 TeV 
Most stringent limits for mN > 430 
GeV 
Improve upon trilepton limits for high mN 

Lose sensitivity at low mN due to jet PT 
thresholds

No deviations from the SM are observed; upper limits set on νSMN coupling strengths VeN and VµN 

and mixed coupling 

Mixed coupling 
It can not be unambiguously probed in  
trilepton events (ambiguity whether the 
lepton originates from N decay or not) 
Use dilepton (eµ) events to set limits 
Significant improvement upon 8 
TeV CMS results

https://arxiv.org/abs/1806.10905
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Signal features and identification 
Left-right symmetric model extension of the SM: 

Coupling of right-handed W are the same as left-handed W; 
Intermediate heavy neutrino NR 
No flavor changing → final state has 2 same flavor leptons and 2  jets 

Analysis designed to minimize model dependencies → not optimizing the selection on a specific signal 
model  
Select events with at least 2 leptons and at least 2 jets 
Reconstruct the 4-objects mass mlljj 

2 signal regions, 1 for µ channel and 1 for e channel  

Search for a heavy right-handed W boson (WR) decaying to a heavy right-handed neutrino and a 
charged lepton in events with two same-flavor leptons (e or µ) and two jets.

WR - 2 SS leptons and 2 jets

�14�14

Run2 data
CMS-EXO-17-011

Background
3 control regions 
Two main (irreducible) backgrounds: 

TTbar (~ 75 %): 
• from data → in flavor sideband 

DY + jets (20%): 
• from simulation + normalization to data in 

control region 
Additional (reducible) background (5%) 

• W+jets, diboson, singleTop → from simulation

https://arxiv.org/abs/1803.11116
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Run2 data

WR - 2 SS leptons and 2 jets
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CMS-EXO-17-011

Analysis strategy  
cut&count approach in windows of mlljj  distribution: 

windows of mlljj → minimizing the expected upper limit on the WR x-section;

Final results

No significant excess are observed 
• Limits on the WR cross section 

are set as function of the mWR 
and mWR vs mNR 

• mNR excluded up to 4.4 TeV 
when mNR = 1/2 mWR

https://arxiv.org/abs/1803.11116
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Summary and outlook
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By M.Drewes

Nuclear reactor 
short baseline 
detector

New Long Lived 
particle 
experiments

• The CMS experiment participates actively in the HNL hunting  

‣ extend the search to ~TeV masses  

• Several searches already carried out with 2016 data, new results with full 
Run2 data are coming out  

‣ HNL from decay of B hadrons and W bosons 

• New developments are 
underway  

‣ already tackling long-lived 
HNLs 
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Future steps

to be continued…
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HNL hunting is open!

To increase our sensitivity to lower HNL masses and couplings, 
signatures with displaced vertices will have to be considered
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• relatively soft trailing lepton, very hard 
leading lepton 
PT > 55, 15, 10 GeV 

binning in min(M2lOS) and MT(third) 

Search variables and strategy
Low mass mN < mW

High mass mN > mW
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MN
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arXiv:1802.02965
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Systematics
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Total SM background uncertainty is dominated by stat. uncertainty. Following 
sources of systematic uncertainties are considered:

arXiv:1802.02965
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VeN results
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arXiv:1802.02965
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Validation nonprompt
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 Lesya Shchutska

arXiv:1802.02965
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Validation WZ-ZZ
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 Lesya Shchutska

arXiv:1802.02965
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Validation conversion
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 Lesya Shchutska

arXiv:1802.02965
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CRs
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arXiv:1806.10905

https://arxiv.org/abs/1806.10905


M. Vit  —  HNL at CMS30.07.2020

Systematics
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arXiv:1806.10905

https://arxiv.org/abs/1806.10905
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SRs
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arXiv:1806.10905

Low mass SR1-SR2 High mass SR1-SR2

https://arxiv.org/abs/1806.10905
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CRs
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arXiv:1803.11116

Low dilepton mass CR Flavor CR

https://arxiv.org/abs/1803.11116
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Systematics
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arXiv:1803.11116

https://arxiv.org/abs/1803.11116

