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• neutrino oscillations → (at least two) neutrinos are massive 
	 requires right-handed  (Yukawa)


• mass via seesaw mechanism  

 

	 with  
	 SM neutrino mass , HNL mass 


• extend SM to accomodate HNL 
	 sterile under EWK, mix with SM neutrinos 
	 possibly long-lived (displaced signatures) 
	 can mix flavours and introduce Lepton Number Violation 
	 Majorana  or (quasi-)Dirac 


• could explain baryogenesis, DM candidate, g-2 anomaly…
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e.g. νMSM Phys.Lett.B 631 (2005) 151-156

https://doi.org/10.1016/j.physletb.2005.09.070
https://www.symmetrymagazine.org/article/neutrinos-on-a-seesaw


• bounds in the mass vs. coupling plane  

• rich set of results set by complementary experiments over the last 
few decades (plus future experiments planned) 
	 colliders, fixed-target, β nuclear decays, atmospheric neutrinos 
	 energy frontier, intensity frontier…

τN ∝ U−2m−5
N

Experimental scenario
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oscillations result in a highly ‘flavor mixed’ flux, much like solar neutrinos, albeit one with
substantial energy-flavor correlations. Both of these natural neutrino sources are therefore an
incredibly powerful resource with which to search for e-coupled, μ-coupled, and τ-coupled
HNLs. Combined with their naturally abundant fluxes, this makes both solar and atomspheric
neutrinos a powerful resource with which to search for HNLs.

The relevant phenomenology is conveniently organized by the HNL’s decay length. Taken
together, solar and atmospheric neutrino searches are capable of probing HNLs whose decay
length can vary over orders of magnitude ranging from 108 km to s10¢ of meters or less. This
remarkable variability in length scales stems from the fact that: (i) the solar neutrino flux is
sufficiently well measured that indirect recoil measurements are possible; (ii) the Sun is
∼1.5× 108 km from the Earth; (iii) decay lengths satisfying Re? λ R⊕ can be efficiently
probed by taking advantage of upscattering inside the Earth; and (iv) decay lengths that are
sub-detector scale, i.e. 10 m, can leave so-called ‘double-bang’ signatures inside detectors
which have low backgrounds. Combining all of these techniques allows one to probe a wide
region of parameter space.

In what follows we work from the longest decay lengths to the shortest ones, emphasizing
mass ranges which are best probed by solar and atmospheric neutrinos. Phenomenology
differs considerably when one contrasts a mass-mixing versus dipole portal both because the

Figure 28.Heavy Neutral Leptons with coupling to the second lepton generation. Filled
areas are existing bounds from: PS191 [31], CHARM [643], NA62 (KμN) [29], T2K
[36], E949 [23], Belle [644]; DELPHI [611], and CMS [409]. The ‘low mass bounds’
label refers to a set of results obtained from π and K decays, as detailed in [39], namely
a PIENU result [25] and Kμ2 results at KEK [22, 646]. Colored curves are projections
from: NA62-dump [474], NA62 K+ decays (projections obtained by the Collaboration
based on [29]), SHADOWS [583], DarkQuest [628], PIONEER [632], SHiP [515],
DUNE near detector (projections based on methods developed in [606]), Hyper-K
(projections based on [36]), T2K low mass [578]. The BBN bounds are from [645] and
heavily depend on the model assumptions (hence should be considered only
indicative). The Seesaw bounds are computed under the hypothesis of two HNLs
mixing with active neutrinos.
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kinematic thresholds 
K, D, B, W/Z
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Selection of recent results
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Majorana neutrinos in same-sign WW scattering 	  
	 Eur. Phys. J. C 83 (2023) 824


HNLs and WR in final states with leptons and jets  
	 arXiv:2304.09553, acc. by EPJC


Type-III seesaw HNLs in leptonic final states  
	 EPJC 82 (2022) 988


HNLs in W decays with a di-lepton displaced 
vertex 
	 PRL 131 (2023) 061803


Heavy Majorana Neutrinos and the Weinberg 
Operator through VBF 
	 PRL 131 (2023) 011803


Search for Z’ boson decays into HNL pairs  
	 arXiv:2307.06959, sub to JHEP


Search for a heavy composite Majorana neutrino  
	 Phys. Lett. B 843 (2023) 137803 

Long-lived HNLs in the three-lepton final state  
	 10.1007/JHEP07(2022)081


Long-lived HNLs with a displaced jet tagger and 
two leptons 
	 CMS-PAS-EXO-21-013


Long-lived HNLs in the muon system 
	 CMS-PAS-EXO-22-017

displacedprompt
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all these results on full Run2 datasets 
ℒ ≈ 137 − 140 fb−1

https://link.springer.com/article/10.1140/epjc/s10052-023-11915-y
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2019-39/
https://link.springer.com/article/10.1140/epjc/s10052-022-10785-0
https://link.aps.org/doi/10.1103/PhysRevLett.131.061803
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.011803
https://cds.cern.ch/record/2864962
http://dx.doi.org/10.1016/j.physletb.2023.137803
http://dx.doi.org/10.1007/JHEP07(2022)081
https://cms.cern.ch/iCMS/analysisadmin/cadilines?line=EXO-22-017
https://cms.cern.ch/iCMS/analysisadmin/cadilines?line=EXO-22-017
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• like-sign μμ plus forward, η separated jets


• EFT approach: Weinberg operator 

dimension-5 operator ,  

generates effective Majorana neutrino mass    
w/o adding any extra field to SM 


• test Majorana neutrinos up to mN = 20 TeV via t-channel 
assuming  

• limits on Weinberg operator,  obs (exp)

ℒ5 =
Cℓℓ′￼

5

Λ
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Majorana neutrinos in same-sign 
WW scattering
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Phys.Rev.Lett. 43 (1979) 1566-1570

Eur. Phys. J. C 83 (2023) 824

Lℓ = (νℓ, ℓ )
Φ Higgs doublet

trailing muon pT

signal region: 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Fig. 1 Examples of Feynman
diagrams for the considered
type-III seesaw model [13]
producing three- and four-lepton
final states

gauge bosons. N 0 pairs are not produced because N 0 has
T3 = Y = 0 and thus does not couple to the Z [10,14].
The production cross-section depends only on the masses
of the N 0 and L±, which are assumed to be degenerate
as the mass splitting due to electroweak radiative correc-
tions is expected to be smaller than ∼ 200 MeV [15]. The
decays allowed in this model are L± → H!±, Z!±,W±ν

and N 0 → Zν, Hν,W±!∓, where the SM leptons can be of
any flavour, i.e. ! = e, µ, τ . The branching ratios B! for the
heavy-lepton decays into !plus one SM boson are determined
by the parameters V! which govern mixing between the new
heavy leptons and the SM leptons. Current bounds on V! can
be found in Ref. [16]. In this analysis, we assume the demo-
cratic scenario, where the three mixing parameters are equal,
so that Be = Bµ = Bτ = 1/3. The branching ratios BZ , BW ,
BH for heavy-lepton decays into any SM lepton plus Z , W
or H , namely L±, N 0 → Z ,W±, H , are independent of the
mixing parameters. For N 0 masses larger than a few times the
H mass, as considered in this analysis, the decays into dif-
ferent SM bosons are independent of the heavy-lepton mass,
and therefore 2BH $ 2BZ $ BW $ 1/2. Examples of Feyn-
man diagrams in three- and four-lepton final states are shown
in Fig. 1. These events are characterised by the production
of two SM bosons (VV , V H or HH , where V = W, Z ) and
two charged leptons or neutrinos in the final state. The Majo-
rana nature of N 0 allows final states with four leptons and
non null total lepton electrical charge as shown in Fig. 1b.
This analysis focuses on events with high light-lepton mul-
tiplicity, including light leptons from τ -lepton decays.

This paper is structured as follows. The ATLAS detector
is described in Sect. 2, the data and simulated events used in
the analysis are outlined in Sect. 3, and the event reconstruc-

tion procedure is detailed in Sect. 4. The analysis strategy
and background estimation are presented in Sects. 5 and 6,
respectively. The systematic uncertainties are described in
Sect. 7. Finally, results and their statistical interpretation are
presented in Sect. 8, followed by the conclusions in Sect. 9.

2 ATLAS detector

The ATLAS detector [17] at the LHC is a multipurpose parti-
cle detector with a near-4π coverage in solid angle around the
collision point and a cylindrical geometry1 coaxial with the
beam axis. It consists of an inner tracking detector surrounded
by a thin superconducting solenoid providing a 2 T magnetic
field, electromagnetic and hadronic calorimeters, and a muon
spectrometer with superconducting toroidal magnets.

The inner detector (ID) provides charged-particle tracking
in the range |η| < 2.5 and, going outwards from the beam
pipe, is composed of a high-granularity silicon pixel detector
that typically provides four measurements per track, the first
hit normally being in the insertable B-layer installed before
Run 2 [18,19], a silicon microstrip tracker, and a transition
radiation tracker that covers the region up to |η| = 2.0.

1 ATLAS uses a right-handed coordinate system with its origin at the
nominal interaction point (IP) in the centre of the detector and the z-axis
along the beam pipe. The x-axis points from the IP to the centre of the
LHC ring, and the y-axis points upwards. Polar coordinates (r,φ) are
used in the transverse plane, φ being the azimuthal angle around the
z-axis. The pseudorapidity is defined in terms of the polar angle θ as
η = − ln tan(θ/2). Angular distance is measured in units of (R ≡√
((η)2 + ((φ)2.
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and PV-DV flight direction
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• like-sign leptons, VBS jets 
Majorana N: large  

	 Weinberg operator: small  

• test majorana neutrinos up to mN = 25 TeV 
via t-channel: strongest limits for mN>650 TeV


• Weinberg operator probed for the first time 
at LHC 
limits on  obs (exp)

Δϕℓℓ
pmiss

T

mμμ < 10.8 (12.8) GeV

HNL & Weinberg operator in VBS
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Search for Z’ boson decays into 
HNL pairs
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• search for excess in  
invariant mass, with  

• categorisation based on resolved, merged 
jets (up to 4). Depends on  


• reconstruct  and HNL mass 
sensitive to  

• excess in the ee channel,  
max significance 

 
at 

Z′￼= ℓℓ + n jets
ℓ = e, μ

mN /mZ′￼

Z′￼

mN ≪ mZ′￼

σ = 3.32 (2.28) global (local)
(mZ′￼, mN) = (4.6, 0.1) TeV
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• postulate ,  (and HN) to have 
substructure at scale   
for  akin to contact 
interactions (EFT)


•  final states


• large radius  et, 


• exclusions on   
up to 

ℓ q
Λ

E ≪ Λ

ℓ±ℓ±(qq̄), ℓ = e, μ

(qq̄) J pT > 190 GeV

mN = Λ
6 GeV

Search for a heavy, composite  
Majorana neutrino
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•  
1 prompt lepton 
2 displaced leptons forming a 
displaced vertex 
Majorana / Dirac models


• categorisation  
6 final states  

 
 

displacement  
di-lepton mass


• data-driven fake lepton bkg 
mostly non-prompt from HF

W → ℓN, N → ℓℓν, ℓ = e, μ

μ(μμ), μ±(μ∓e±), μ±(μ±e∓)
e(ee), e±(e∓μ±), e±(e±μ∓)

Δ(PV − SV)2D

Long-lived HNL in 3𝓁 final state
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•  
trigger on prompt 𝓁1


• NN-based displaced jet 
tagger trained on jet  
constituent features  
uses data from control region 	
→ good modeling of NN score


• categorisation 
 charge  flavour   

both Majorana/Dirac considered


• backgrounds 
ABCD , tagger score

W → ℓ1N, N → ℓ2qq̄

ℓ1ℓ2 × × dsig
xy

mℓℓj

Long-lived HNLs with a displaced  
jet and 2 leptons - 1
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• decays in CMS muon system  



• HNL signature  
localized hits cluster in muon system


• background from OOT PU, jet punch throughs


•  
trigger on prompt 𝓁 
inclusive HNL decays, maximise acceptance


• nonprompt background from data ABCD 
 & 


• best limits 

 

• limits for arbitrary flavour mixing scenarios 
 

3 < r < 7 m

W → ℓN, N → X

Δϕ(ℓ, cluster) Nhits

|VeN |2 > 8.6 ⋅ 10−6 @mN = 2.6 GeV
|VμN |2 > 4.6 ⋅ 10−6 @mN = 2.8 GeV

( fe : fμ : fτ)

Long-lived HNL in the muon system
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CMS-PAS-EXO-22-017

tau coupling

categorise by muon subsystem / station

https://cms.cern.ch/iCMS/analysisadmin/cadilines?line=EXO-22-017


CMS results on HNL at a glance

19

prompt

displaced

link

https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryPlotsEXO13TeV#Heavy_Neutral_Lepton_summary_plo


vast program of HNL searches by ATLAS and CMS 
heavy neutrino appears in a  multitude of models


full Run2 dataset analysed 

leveraged broad array of experimental signatures 
	 VBF, displaced vertices, displaced jet taggers,  
	 resolved/boosted jets…


complementarity with other experiments 
	 mN > mB is exclusive LHC domain

Where we are

20



better explore third generation couplings 
tau more challenging, constraints are weaker 

investigate flavour mixing scenarios 
neutrino oscillation experiments indicate mixed couplings   

add Run3 data, include more signatures and  
improve performance at large displacement 

large parts of parameter space still untouched

where we’re going
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backup
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Filip Tanedo

https://twitter.com/FlipTanedo/status/1163562253360099329


Displaced jet tagger

24
M. Komm - HNL searches with CMS Slide  24

Displaced jet tagger MLST 1 (2020) 035012

MLST 1 (2020) 035012 

https://cds.cern.ch/record/2705632/files/The_CMS_Collaboration_2020_Mach._Learn.__Sci._Technol._1_035012%20(1).pdf


Long-lived HNL in CMS muon system

25

Martin Kwok | HNL working meeting

Summary of EXO-22-017

1

• HNL that decays in the CMS muon system can lead 
to hadronic shower
- Ideal to probe lower mass (<10GeV) / longer 

lifetime O(1m) parameter space
- Sensitive to -HNL from its hadronic decay 

products

• Analysis strategy:
- Prompt muon/electron for good triggering 

efficiency
- Cluster selections improve S/B ratio

• Cluster size (Nhit) as main discrimination
- ABCD method with  and cluster 

size
• Validate with control region(s)
- Out-of-time(OOT) and In-time 

τ

Δϕ(cluster,lep)

Long lived

Displaced

2
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Figure 1: Feynman diagram for the production of a Majorana(left) and a Dirac(right) HNL
via a W boson and through its mixing with an SM neutrino. The prompt lepton from the
W boson serves as a clean signature for triggering, while the decay products of the HNL are
reconstructed as a cluster of muon detector hits.

2 The CMS detector46

The central feature of the CMS detector is a superconducting solenoid of 6 m internal diameter,47

providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip48

tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintillator49

hadron calorimeter (HCAL), each composed of a barrel and two endcap sections.50

The ECAL consists of 75 848 lead tungstate crystals, which cover |h| < 1.48 in the barrel region51

and 1.48 < |h| < 3.00 in the two endcap regions. The excellent signal-to-noise ratio and sta-52

ble pulse shape of the ECAL sensors allow for timing measurements with the best resolution53

achievable at very large energies of better than 100 ps per hit [34]. The HCAL is composed of54

cells of width 0.087 in h and azimuth (f, in radians) for the region |h| < 1.74, progressively55

increasing to a maximum of 0.174 for larger values of |h|, along with the forward calorimeters56

extending the h coverage provided by the barrel and endcap detectors. Muons are measured57

in the range |h| < 2.4, with detection planes embedded in the steel flux-return yoke outside the58

solenoid and made using three technologies: drift tubes (DTs), cathode strip chambers (CSCs),59

and resistive-plate chambers (RPCs).60

The barrel DT chambers are located in regions of pseudorapidity |h| < 1.2 and are organized61

into 4 stations, labeled MB1 to MB4, comprised of rings of chambers each assembled between62

two layers of the steel flux-return yoke, while being divided along the beam axis in 5 wheels.63

The stations are located approximately 4, 5, 6, and 7 m away from the interaction point radially64

(r). In the first 3 stations, every DT chamber consists of 3 ”superlayers”(SL), each comprising65

4 staggered layers of parallel drift tube cells, giving a total of 12 layers. The innermost and66

outermost SLs measures the charge particle position in the r � f plane, while the middle SL67

measures the position in the longitudinal plane. The chambers in the last station (MB4) contains68

only two SLs that measures position in the r � f plane. The drift tube cells are designed to69

provide a uniform electric field such that the position of traversing charged particles can be70

inferred from measured arrival time and the constant drift velocity.71

The CSC detector covers a region of pseudorapidity between |h| = 0.9 and 2.4 and is composed72

of four stations in each endcap, labeled ME1 to ME4, which are rings of chambers interleaved73

between two layers of steel-flux return yoke at approximately the same value of z. The stations74

Prompt


