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• Neutrino oscillations observed experimentally — at least two SM neutrinos 
have non-zero mass.


• Neutrinos may be Dirac or Majorana particles.


• The seesaw mechanism might explain the relative smallness of the neutrino 
masses.


• Connects SM left-handed neutrino masses 
with the masses of new right-handed 
neutrino-like particles.


Three types:

1. type-I seesaw (fermionic singlets)

2. type-II seesaw (a scalar triplet)

3. type-III seesaw (fermionic triplets)
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THE SEESAW MECHANISM

Source: Symmetry Magazine, 
artwork by Sandbox Studio, Chicago with Ana Kova
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• General purpose 
detector at the Large 
Hadron Collider.

• Precision 

measurement of the 
Standard Model.


• Searches beyond the 
SM — particles with 
masses greater than 
M ~ 1 TeV.


• Analysed full 139 fb-1  
of Run 2 data.
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ATLAS EXPERIMENT
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• Type-I seesaw introduces a right-handed Majorana 
neutrino N, also called Heavy Neutral Lepton (HNL), 
Prog. Theor. Phys. 64 (1980) 1103.


• Depending on the mixing and mass parameters, 
the HNL may decay promptly or be long-lived.

• Mass range explored: 1.4 < mN < 50 GeV


• Displaced vertices up to 300 mm in the transverse 
plane have been investigated.


• Both lepton number conserving (LNC) and lepton 
number violating (LNV) final states possible.


• Signatures


• prompt:  & 


• displaced: prompt μ, displaced vertex with opposite 
charge eμ or μμ

W± → e±e±μ∓νμ W± → μ±μ±e∓νe
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TYPE-I SEESAW HEAVY NEUTRAL LEPTONS (1)

ATLAS-EXOT-2017-26  36 fb-1 

JHEP 10 (2019) 265 

https://doi.org/10.1143/PTP.64.1103
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2017-26/
https://link.springer.com/article/10.1007/JHEP10(2019)265
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Prompt signatures


• W decay constraint: 40 < m(l, l, l’) < 90 GeV


• Reduce leptons with misreconstructed 
charge: m(e, e) < 78 GeV


• ETmiss < 60 GeV


• Fitted variable: m(l, l’)

Displaced signatures


• background sources:

• hadronic interactions in material


• decays of metastable particles (hadrons)


• accidental crossings of charged particles


• cosmic-ray muons


• No events observed in the signal region.
5

TYPE-I SEESAW HEAVY NEUTRAL LEPTONS (2)
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Prompt signature limits


• Cover the mass range 
5–50 GeV.


• |Uμ|2 and |Ue|2 above 
1.4×10−5 are excluded 
in for masses 20–30 GeV.


Displaced signature limits


• Cover the mass range 
4.5–10 GeV.


• |Uμ|2 excluded above 
2.0×10−6 (1.5×10−6) 
assuming LNV (LNC). 
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TYPE-I SEESAW HEAVY NEUTRAL LEPTONS (3)
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• Minimal type-III seesaw — an extra fermionic triplet: 
one neutral (N0) and two oppositely-charged leptons (L+, L-), 
Phys. C - Particles and Fields (1989) 44, 441, Eur. Phys. J. C (2012) 72, 1899.


• Decays into a SM lepton and a W, Z 
or H boson, the highest branching ratio into W.


• Probed a few possible lepton/jet multiplicities:

• two light leptons, at least two jets


• three light leptons, zero or one jet


• three light leptons, at least two jets


• four light leptons, any number of jets
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TYPE-III SEESAW HEAVY LEPTONS (1)
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Figure 1: Examples of Feynman diagrams for the considered type-III seesaw model [14] producing three- and
four-leptons final states.

The type-III seesaw model targeted in this search is described in [14], where the pair production of the52

neutral (N0) and charged (L±) heavy leptons proceeds via the s-channel production of virtual EW gauge53

bosons. The production cross-section depends only on the masses of the N0 and L±, which are assumed to54

be degenerate as the mass splitting due to electroweak radiative corrections is expected to be smaller than55

⇠200 MeV [15]. The decays allowed in this model are L± ! H`±, Z`±,W±⌫ and N0 ! Z⌫,H⌫,W±`⌥,56

where the SM leptons (` = e, µ, ⌧) can be of any flavour. The branching ratios B` for the heavy lepton57

decays into ` plus one EW SM boson are determined by the mixing parameters V` between the new heavy58

leptons and the SM leptons. In this analysis it is assumed that all three mixing parameters are equal, namely59

Be = Bµ = B⌧ = 1/3. The branching ratios BZ , BW , BH for heavy lepton decays into any SM lepton60

plus Z, W or H L±, N0 ! Z,W,H are independent of the mixing parameters. For N0 masses larger than61

few times the H mass, the decays into di�erent EW bosons are independent of the N0 mass, therefore62

2BH ' 2BZ ' BW ' 1/2. Examples of Feynman diagrams in three- and four-lepton final states are shown63

in Figure 1. These events are characterized by the production of two EW bosons (VV , VH or HH, where64

V = W, Z) and two charged leptons or neutrinos in the final state. Consequently, to guarantee a large65

type-III seesaw signal significance, this analysis focuses on events with high light lepton multiplicity,66

including light leptons from ⌧-lepton decays.67

This paper is structured as follows: the ATLAS detector is described in Section 2; the data and simulated68

events used in the analysis are outlined in Section 3, and the event reconstruction procedure is detailed in69

Section 4. The analysis strategy and background estimation are presented in Section 5 and 6, respectively.70

Finally, results and their statistical interpretation are presented in Section 7, followed by the conclusions in71

Section 8.72

2 ATLAS detector73

The ATLAS detector [8] at the LHC is a multipurpose particle detector with a near-4⇡ coverage in solid74

angle around the collision point and a cylindrical geometry1 coaxial with the beam axis. It consists75

of an inner tracking detector surrounded by a thin superconducting solenoid providing a 2T magnetic76

field, electromagnetic and hadronic calorimeters, and a muon spectrometer incorporating three large77

superconducting toroidal magnets.78

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, �) are used in the transverse plane, � being the azimuthal angle around the z-axis. The pseudorapidity is

defined in terms of the polar angle ✓ as ⌘ = � ln tan(✓/2). Angular distance is measured in units of �R ⌘
q
(�⌘)2 + (��)2.

19th May 2021 – 11:15 3

ATLAS-CONF-2021-023

ATLAS-EXOT-2018-33


Eur. Phys. J. C 81 (2021) 218

139 fb-1

http://dx.doi.org/10.1007/BF01415558
http://dx.doi.org/10.1140/epjc/s10052-012-1899-z
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-023/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-33/
https://link.springer.com/article/10.1140/epjc/s10052-021-08929-9
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• 11 signal regions (SR) in total:

• 6 dilepton SRs: all lepton flavour 

and charge combinations


• 3 trilepton SRs: on-Z and off-Z 
with 2+ jets, inclusive with 0-1 jets


• 2 four lepton SRs: sum of lepton 
charge 0 or 2


• High ETmiss with good reconstruction 
significance required — neutrinos.


• Demanding background estimation: large 
fraction of non-prompt and fake leptons, 
leptons with misreconstructed charge.
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TYPE-III SEESAW HEAVY LEPTONS (2)
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• Heavy leptons with masses below 910 GeV are excluded.

• Dilepton channel limit: 790 GeV


• Tri- and four-lepton channel limit: 870 GeV
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TYPE-III SEESAW HEAVY LEPTONS (3)
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• Left–right symmetric models (LRSMs) 
attempt to explain the broken parity 
symmetry of the SM weak interaction.


• Can introduce right-handed 
counterparts to the W and Z bosons 
(WR and ZR) and right-handed heavy 
neutrinos (NR), 
Phys. Rev. Lett. 50, 1427.


• NR decay can result in a large-radius 
jet after the boost due to a heavy WR.


• Lepton flavour conserving.


• Heavy neutrinos can either be Dirac 
(only opposite-charge leptons) or 
Majorana particles (same-charge 
final state leptons allowed).
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HEAVY NEUTRINOS IN LSRM MODELS

resolved channel

2 leptons (e, µ)


2 small-radius jets

36.1 fb−1

pp → WR  → l NR → ll WR* → l lqq
pp → WR* → l NR → ll WR  → l lqq

boosted channel

1 lepton (e, µ)


1 large-radius jet

80 fb−1

NR

q̄

q̄

W ⇤
R

l
WR

q

q

l
ATLAS-EXOT-2017-18 

JHEP 01 (2019) 016

ATLAS-EXOT-2018-15 

Phys. Lett. B 798 (2019) 134942

http://dx.doi.org/10.1103/PhysRevLett.50.1427
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2017-18/
https://link.springer.com/article/10.1007/JHEP01(2019)016
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-15/
https://www.sciencedirect.com/science/article/pii/S0370269319306641
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Opposite-charge channel:


• Background: top-quark events 
and Z+jets.


• Data-driven mjj reweighting.


• Fit: mlljj for m(WR) > m(NR), 
else mjj.


Same-charge channel:


• Charge misidentification 
precisely evaluated.


• Data-driven fake lepton 
estimation.


• Fit: HT = scalar sum of pT 
(2 leptons and 2 leading jets).
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HEAVY NEUTRINOS — RESOLVED CHANNEL
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• Isolated lepton and large-radius jet back-to-back.


• Subleading lepton contained in the jet, 30% uncertainty 
on electron identification.

• Different-flavour validation region to estimate it.


• Trying to reconstruct WR mass, signal region with masses above 2 TeV.


• Z+jets background fitted on MC (full range),


• ttbar events fitted on data with Z+jets fixed, 
fit up to 2 TeV and extrapolated to SR.
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HEAVY NEUTRINOS — BOOSTED CHANNEL
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https://www.sciencedirect.com/science/article/pii/S0370269319306641
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• Binned likelihood fit 
performed (one bin in 
boosted channel) to 
obtain limits on masses 
of NR and WR. 


• Resolved channel: 
excluded up to 
m(WR) = 4.7 TeV 
and m(NR) = 3.2 TeV, 
tested also m(NR) > m(WR).


• Boosted channel 
improves limits on m(WR) 
for low NR masses up 
to 5 TeV.
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HEAVY NEUTRINO — EXCLUSION LIMITS
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• ATLAS performed several 
searches for models that 
could explain neutrino 
masses.


• No significant excess from 
the Standard Model has 
been observed.


• Many searches of full 
Run 2 data still being 
completed.


• Run 3 just around 
the corner.

14

CONCLUSIONS

Run: 310341

Event: 410259325

2016-10-10 16:22:12 CEST

high energy type-III seesaw candidate

2 opposite-charge muons and 2 jets


HT + ETmiss = 1511 GeV




