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Heavy Neutral Leptons

A biased selection of  results, mainly CMS & ATLAS 
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• Type-I Seesaw Model
• Multiple searches with rich phenomenology
• Prompt and displaced decays

• Type-III Seesaw Model 
• Heavy charged/neutral leptons up to ~880 GeV 

• Left-Right Symetric Models
• Right-handed W or Z’ decaying to HNL
• Most stringent limits on 𝑚!" 𝑚#$ 𝑚%

• Neutrino oscillations suggest m 𝝂 > 𝟎
• Not naturally included in SM 
• Minimal extensions (ie. 𝝂𝑴𝑺𝑴, Left-Right Symmetric Models) with additional 

heavy leptons
• Seesaw mechanism to give masses to SM neutrinos

All with full Run-II data
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• Parameter space (|V𝜈𝑁|2, MN) is very wide
• Complementary experiments to probe HNL: fixed target, B-factories, LEP, LHC Leptogenesis 

Existing Experiments
Future Detectors
New beam lines
Future Accelerator Facilities

Leptogenesis 2 HNLs
Klaric/Shaposhnikov/Timirsyasov 2103.16545

Leptogenesis 3 HNLs 
MaD/Georis/Klaric 2106.16226
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Type-I Seesaw: landscape
|𝑽

𝝁𝑵
|2

𝑴𝑵 (𝐆𝐞𝐕)



• 𝑴𝑵 < 𝑴𝐤𝐚𝐨𝐧 is pretty 
much excluded, 
explored by fixed target 
experiments, eg. NA62.
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Type-I Seesaw: landscape

 

K+ → µ+N

K+ → e+N

Look for: 𝒎𝒎𝒊𝒔𝒔
𝟐 =𝑷𝑲𝟐 − 𝑷ℓ𝟐 = 𝒎𝑵

𝟐

|𝑽
𝝁𝑵

|2

𝑴𝑵 (𝐆𝐞𝐕)



• 𝑴𝑵 < 𝑴𝐤𝐚𝐨𝐧 is pretty 
much excluded, 
explored by fixed target 
experiments, eg. NA62.

• 𝑴𝑵 < 𝑴𝑩,𝑫 explored  
LHCb, Belle, SHIP

• 𝑴𝑵 < 𝑴𝒁 results from 
LEP 

• 𝑴𝑵 𝟏𝐆𝐞𝐕 − 𝐓𝐞𝐕
LHCb/CMS/ATLAS
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CMS & ATLAS sensitivity
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Type-I Seesaw: landscape
• Parameter space (|V𝜈𝑁|2, MN) is very wide
• Complementary experiments to probe HNL: fixed target, B-factories, LEP, LHC Leptogenesis 

Existing Experiments
Future Detectors
New beam lines
Future Accelerator Facilities
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• Large cross section
• Experimentally very challenging à no trigger
• B-parking data ~1010 àbeing analyzed

 N

 B
 D

  b→ cℓN

𝒑𝒑 → 𝒃2𝒃•
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HNL production at LHC
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• Lower x-section but cleaner exp. signature
• In Run2  (𝑾 → ℓ𝝂) ~9x109 events
• Tri-leptons (3ℓ) and di-lepton+di-jets(2ℓ2q)

 N

 B
 D

  b→ cℓN

𝒑𝒑 → 𝒃2𝒃•

𝒑𝒑 → 𝑾 → ℓ𝝂•
trigger

/q

/q
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• Lower x-section but cleaner exp. signature
• In Run2  (𝑾 → ℓ𝝂) ~9x109 events
• Tri-leptons (3ℓ) and di-lepton+di-jets(2ℓ2q)

• Large cross section
• Experimentally very challenging à no trigger
• B-parking data ~1010 àbeing analyzed

 N

 B
 D

  b→ cℓN

𝒑𝒑 → 𝒃2𝒃•

𝒑𝒑 → 𝑾 → ℓ𝝂•

/q

/q

𝒑𝒑 → 𝒒𝒒ℓ±ℓ±•
• HNL in t-channel
• SS di-leptons & two forward jets
• Low background, sensitive to high-HNL mass

UNIVERSITEIT
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HNL production at LHC

trigger
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HNL production at LHC
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𝒑𝒑 → 𝒃2𝒃•

𝒑𝒑 → 𝑾 → ℓ𝝂•

/q

/q

𝒑𝒑 → 𝒒𝒒ℓ±ℓ±•
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QED=4 QCD=0 [QCD] @0
add process p p > ell ell ell vv j

QED=4 QCD=1 [QCD] @1

Explicitly, we use the following jet-matching inputs:

p
j

T
> 30 GeV, |⌘

j
| < 5.5, Q

FxFx

cut
= 65 GeV, (4.4)

where Q
FxFx
cut

is the FxFx matching scale. With this
setup, hadronic observables are accurate to at least
LO+PS(LL), with the two leading jets being defined at
all momenta and rapidities. We report in the third line
of table I the generator-level cross section of the diboson
spectrum at NLO in QCD with FxFx matching to the
first jet multiplicity (FxFx1j) and its associated uncer-
tainties. At

p
s = 13 TeV the rate is about � ⇠ 2.5 pb,

which is just slightly larger than the rate at NLO, which
we compute to be � ⇠ 2.3 pb.

With this setup, we capture configurations where the
odd-sign charged lepton in the 3`⌫2j+X final state is too
forward or too soft to be identified as an analysis-quality
charged lepton. A disadvantage of this setup, however, is
the limited MC statistics when the two same-sign charged
leptons carry p

`

T
& 100 � 150 GeV but the odd-sign lep-

ton is much softer. To enrich MC statistics for this region
of phase space, we introduce tailored generator-level cuts
into the MG5aMC phase space integration routines. En-
riched samples are combined with the baseline FxFx1j
sample. Overlap is removed through cuts on p

`2

T
. For

technical details of this modeling, see appendix B.

V. HEAVY NEUTRINOS IN W
±
W

±

SCATTERING AT THE LHC

In this section we investigate the phenomenology of
the W

±
W

±
! `

±
i

`
±
j

process when mediated by a heavy
Majorana neutrino at the LHC. To do this, we examine
the integrated (section V.1) and di↵erential (section V.2)
cross sections of the W

±
W

± channel, and place special
focus on the low- (section V.1.1) and high-mass (section
V.1.2) limits of the intermediate neutrino, on the impact
of QCD corrections (section V.1.3), and on potential vi-
olations of partial-wave unitarity (section V.1.4).

V.1. Total Production Rate

As a first step, we present in the upper panel of figure 2
and as a function of heavy neutrino mass mN , the total
cross section for the full 2 ! 4, hadron-level process

pp ! `
±

`
±

jj + X. (5.1)

More precisely, we evaluate the bare cross section, as de-
fined in equation (2.5), at NLO in QCD and for LHC
collisions at

p
s = 13 TeV, assuming the exchange of a

single heavy neutrino that couples to a single charged lep-
ton flavor. In equation (5.1), X denotes any additional
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FIG. 2. Upper: As a function of heavy neutrino mass
mN [GeV], the bare cross section �/|V`NV`N |2 [fb] for the
W

±
W

± signal process at NLO in QCD (purple band), as
well as the bare cross sections �/|V`N |2 for the CCDY (black
band) and W� fusion (green band) processes at NLO in QCD.
Band thickness corresponds to the residual scale uncertainty.
Lower: The QCD K-factor for each channel.

hadronic and photonic activity present in the inclusive
process. The band thickness corresponds to the residual
renormalization and collinear factorization scale depen-
dence at NLO, as quantified in section III.2. We assume
the generator-level cuts of equation (4.2). To quantify
the size of O(↵s) corrections, we show in the lower panel
of figure 2 the NLO in QCD K-factor, defined as the ratio
of the NLO and LO cross sections:

K
NLO = �

NLO
/ �

LO
. (5.2)

For the mass range mN = 40 GeV�20 TeV, we report
that bare cross sections at NLO in QCD, QCD K-factors,
as well as scale and PDF uncertainties roughly span

�
NLO : 0.1 � 20 fb, (5.3)

K
NLO : 1.05 � 1.4, (5.4)

��µr,µf /� : ±1% � ±5%, (5.5)

��PDF/� : ±1% � ±2%. (5.6)

A summary of bare cross sections and uncertainties for
the W

±
W

±
! `

±
`
± process at representative heavy neu-

trino masses is listed in table II.
To compare to other heavy neutrino processes,2 we also

present in figure 2 the bare cross sections at NLO in

2 For these additional channels, we follow the prescription of

2011.02547, Fuks et.al
trigger
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HNL search with displaced leptons 
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• Always an Opposite-sign-same-
flavor (OSSF) lepton pair

• High background

• With and w/o OSSF pair

• Low background
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prompt

displaced
/q

/q

c𝜏=10m
c𝜏=10cm

c𝜏=0.1mm

di
sp

la
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m
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t

displacement
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HNL production at LHC

Flight distance of HNL can be macroscopic 
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HNL search with displaced leptons 

displaced

• 𝓵1 prompt & high pT
• 𝓵1 and 𝓵2 same flavor (LFC)
• eee, μμμ, μ±μ∓e, e±e∓μ, e±e±μ, μ±μ±e
• test Dirac/Majorana hypotheses
• M(ℓ𝟏, ℓ𝟐, ℓ𝟑 ) < MW
• 𝑀(ℓ𝟐,ℓ𝟑) ~ MN

M(ℓ𝟐ℓ𝟑 ) sensitive to MN

𝜟𝟐𝑫 :displacement of the vertex

12

JHEP 07 (2020) 081

http://dx.doi.org/10.1007/JHEP07(2022)081
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Understanding the backgrounds

𝜟𝟐𝑫 :displacement of the vertex

• Main backgrounds are due to “misidentified” leptons with various origin

• Data-driven estimation is mandatory!

Intro Composite HNL Longlived HNL VBF + Weinberg WR ! HNL Zprime

Long-lived HNL with displaced vertex

Û̞
ÛÄ̞
ÛÅ̠
y°ϵۊۊ

:̞
1 : Ę̠

Û̞
y°ϵۊ

ÛÅ̠
ÛÅ̞

:̞
1 =Ę

Type-1 Seesaw HNL model

Produced via ⌫ � N mixing with coupling strength |VlN |2

Naturally becomes longlived for mN < 20 GeV
! ⌧N ⇠ |VlN |�2M�5

N

Consider LNV (Majorana) and LNC final states
Prompt lepton + Displaced vertex with 2 leptons

Focus on displacements within CMS tracker
! well reconstructed displaced leptons
reconstruct vertex from displaced lepton pair
�2D = transverse displacement of vertex

Validation of displaced reconstruction

Displaced e: asymmetric photon conversions
Displaced µ: J/ and K0

S decays

Basile Vermassen 5/11

EXO-20-009

� ! e+
�
e�

�

K0
S ! ⇡+⇡�
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Results in search regions 

Data agrees with the predicted data within the uncertainties

14

JHEP 07 (2020) 081

http://dx.doi.org/10.1007/JHEP07(2022)081
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Signal efficiency validation 

Displaced Vertex reconstruction:

• Events with 𝐾45 and 𝛬5
• Displaced vertices using tracks 

that from M(𝐾45) or M(𝛬5)
• Spot any mismodeling in the 

simulation 

𝑲𝒔
𝟎 → 𝝅7𝝅8

𝜏(𝐾!")~10#$"s

15
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Signal efficiency validation

Displaced Vertex reconstruction:

• Events with 𝐾45 and 𝛬5
• Displaced vertices using tracks 

that from M(𝐾45) or M(𝛬5)
• Spot any mismodeling in the 

simulation 

𝑲𝒔
𝟎 → 𝝅7𝝅8

𝜏(𝐾!")~10#$"s

Calibrate HNL simulation using data/MC agreement found in these studies 

Displaced lepton reconstruction:

γ
e+

e-

• J/ψ → 𝜇𝜇
• 𝛾 conversions in 𝑍 → 𝜇𝜇𝛾

𝑍 → 𝜇𝜇𝛾, (𝛾 → 𝑒7𝑒8)
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Interpretation in Majorana HNL

Sensitivity to |𝑉9%|2 Sensitivity to |𝑉:%|2
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HNL search in ATLAS
• Similar strategy to CMS, except LFV (mixed HNL couplings) 

are also taken into account: 𝓵1 and 𝓵2 maybe OF
• LNC & LNV hypotheses tested

J. Gonski23 March 2022

Displaced Heavy Neutral Leptons

6

• Signature: prompt lepton + opposite sign dilepton 
displaced vertex from decay of light long-lived 
HNL 

- Sensitivity: m = O(3-20) GeV, c! ~1-100 mm 
- Interpret in weak-like dimensionless mixing angles 

( ) 

• Strategy: novel reconstruction of HNL mass using 
energy-momentum conservation 

- Separate channels by lepton flavor (e/μ) 
- Large radius tracking for sensitivity to displaced 

leptons  
- Background dominated by random track crossings; 

data-driven estimate with toys  

|Uα |2

EXOT-2019-29

ATLAS DRAFT

Appendix251
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Figure 3: Feynman diagrams for the HNL production and decay modes targeted in this analysis. The flavors of the
leptons in the diagram, labelled by U, V, and W, are either muons or electrons. If the charged leptons in the HNL decay
have the same flavor, then both the diagram with the virtual , (a,c) and virtual / (b,d) contribute to the process.
Lepton number conserving (a,b) and lepton number violating (c,d) processes are shown. Equivalent processes are
also valid for a ,�-boson.

January 28, 2022 – 21:09 10

prompt 
(trigger)

displaced

HNLs: ATLAS analysis details

Moriond	EW	2022	 |		Ma$hias	Danninger		|		SFU
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• After cuts, background is dominated by random track crossings 
• Validation region (prompt-lepton veto) is used for data driven 

background estimate in SR using toys 
• Energy-momentum conservation is used to reconstruct the 

HNL mass  

• Simultaneous fit of SR & CR —> No excess observed

m2
HNL = (Plβ + Plγ + Pνγ

)2

Explicit veto-cut on 
metastable decays

HNLs: Experimental signature

Moriond	EW	2022	 |		Ma$hias	Danninger		|		SFU

7

Dominant background sources: 
(1) Material interactions 
(2) Metastable particle decays (J/ѱ, B-hadrons,..) 
(3) Cosmic muons 
(4) Z decays paired with third lepton 
(5) Random track crossing 

|Uα |

α−β γ

|Uβ |

prompt displaced

graphics: D. Trischuk

HNLs: Experimental signature

Moriond	EW	2022	 |		Ma$hias	Danninger		|		SFU
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Dominant background sources: 
(1) Material interactions 
(2) Metastable particle decays (J/ѱ, B-hadrons,..) 
(3) Cosmic muons 
(4) Z decays paired with third lepton 
(5) Random track crossing 

|Uα |

α−β γ

|Uβ |

prompt displaced

graphics: D. Trischuk
4 Joint Search Workshop | September 23rd 2021

LRT in a nutshell
LRT Overview

Large Radius Tracking (LRT) is an additional ID tracking pass that is run after standard tracking

• Run on leftover hits with relaxed tracking cuts: not a unique algorithm, just a reconfiguration! 
• Run III tracking configuration in Athena

Jackson Burzynski (jackson.carl.burzynski@cern.ch)

LRT track formed from 
unnassociated hits

Crucial component of many long-lived particle (LLP) searches throughout EXOT and SUSY

• With interest in LLPs growing, becoming an increasingly important aspect of ATLAS 

search program
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Standard ID track

High efficiency, but very high fake rate!

Standard Large radius
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Lepton number conserving (a,b) and lepton number violating (c,d) processes are shown. Equivalent processes are
also valid for a ,�-boson.

January 28, 2022 – 21:09 10

prompt 
(trigger)

displaced

HNLs: ATLAS analysis details

Moriond	EW	2022	 |		Ma$hias	Danninger		|		SFU

8

• After cuts, background is dominated by random track crossings 
• Validation region (prompt-lepton veto) is used for data driven 

background estimate in SR using toys 
• Energy-momentum conservation is used to reconstruct the 

HNL mass  

• Simultaneous fit of SR & CR —> No excess observed
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LRT in a nutshell
LRT Overview

Large Radius Tracking (LRT) is an additional ID tracking pass that is run after standard tracking

• Run on leftover hits with relaxed tracking cuts: not a unique algorithm, just a reconfiguration! 
• Run III tracking configuration in Athena

Jackson Burzynski (jackson.carl.burzynski@cern.ch)

LRT track formed from 
unnassociated hits

Crucial component of many long-lived particle (LLP) searches throughout EXOT and SUSY

• With interest in LLPs growing, becoming an increasingly important aspect of ATLAS 

search program
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High efficiency, but very high fake rate!

Standard Large radius

Maximum d0 (mm) 10 300
Maximum z0 (mm) 250 1500

Maximum |⌘| 2.7 5
Maximum shared silicon modules 1 2
Minimum unshared silicon hits 6 5

Minimum silicon hits 7 7
Seed extension Combinatorial Sequential

HNL mass reconstruction using MW hypot.
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HNL search in ATLAS
• Similar strategy to CMS, except LFV (mixed HNL couplings) 

are also taken into account: 𝓵1 and 𝓵2 maybe OF
• LNC & LNV hypotheses tested
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Figure 3: Feynman diagrams for the HNL production and decay modes targeted in this analysis. The flavors of the
leptons in the diagram, labelled by U, V, and W, are either muons or electrons. If the charged leptons in the HNL decay
have the same flavor, then both the diagram with the virtual , (a,c) and virtual / (b,d) contribute to the process.
Lepton number conserving (a,b) and lepton number violating (c,d) processes are shown. Equivalent processes are
also valid for a ,�-boson.
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• After cuts, background is dominated by random track crossings 
• Validation region (prompt-lepton veto) is used for data driven 

background estimate in SR using toys 
• Energy-momentum conservation is used to reconstruct the 

HNL mass  

• Simultaneous fit of SR & CR —> No excess observed
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LRT in a nutshell
LRT Overview

Large Radius Tracking (LRT) is an additional ID tracking pass that is run after standard tracking

• Run on leftover hits with relaxed tracking cuts: not a unique algorithm, just a reconfiguration! 
• Run III tracking configuration in Athena

Jackson Burzynski (jackson.carl.burzynski@cern.ch)

LRT track formed from 
unnassociated hits

Crucial component of many long-lived particle (LLP) searches throughout EXOT and SUSY

• With interest in LLPs growing, becoming an increasingly important aspect of ATLAS 

search program
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Displaced Heavy Neutral Leptons

6

• Signature: prompt lepton + opposite sign dilepton 
displaced vertex from decay of light long-lived 
HNL 

- Sensitivity: m = O(3-20) GeV, c! ~1-100 mm 
- Interpret in weak-like dimensionless mixing angles 

( ) 

• Strategy: novel reconstruction of HNL mass using 
energy-momentum conservation 

- Separate channels by lepton flavor (e/μ) 
- Large radius tracking for sensitivity to displaced 

leptons  
- Background dominated by random track crossings; 

data-driven estimate with toys  
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āV

✓
+
W

✓
�
W

N /
⇤

(d)

Figure 3: Feynman diagrams for the HNL production and decay modes targeted in this analysis. The flavors of the
leptons in the diagram, labelled by U, V, and W, are either muons or electrons. If the charged leptons in the HNL decay
have the same flavor, then both the diagram with the virtual , (a,c) and virtual / (b,d) contribute to the process.
Lepton number conserving (a,b) and lepton number violating (c,d) processes are shown. Equivalent processes are
also valid for a ,�-boson.
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• After cuts, background is dominated by random track crossings 
• Validation region (prompt-lepton veto) is used for data driven 

background estimate in SR using toys 
• Energy-momentum conservation is used to reconstruct the 

HNL mass  

• Simultaneous fit of SR & CR —> No excess observed

m2
HNL = (Plβ + Plγ + Pνγ

)2
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dHNL Result

7

• Interpret in both Dirac-like (lepton number 
conserving) Majorana-like (add lepton number 
violating) 
•New & improved limits on single-flavor (1SFH)  
|Uμ|2 

• First ATLAS limits on 1SFH |Ue|2 
• First two quasi-degenerate HNL (2QDH) multi-
flavor mixing scenarios motivated by neutrino-
flavor oscillations (normal & inverted hierarchy)

EXOT-2019-29

Explicit veto on 
metastable decays

ATLAS DRAFT

(a) (b)

(c) (d)

(e) (f)

Figure 10: Pre-fit (a,b) and post-fit (c,d) summary plots for the 1SFH (one single flavour HNL, G4 = 1, G` = 0, Gg = 0)
model in Dirac-limit (e) and Majorana-limit (f). The bottom row shows the expected and observed 95% CL.

January 28, 2022 – 21:09 29

ATLAS DRAFT

Figure 2: (a) The observed and expected 95% C.L. limits on |*U |2 vs. <N in the Majorana-limit case, with green and
yellow bands showing the 1f and 2f spreads for the expected limits. (b,c) The observed limits in the 2QDH scenario
with inverted (IH) and normal (NH) mass hierarchy, and in 1SFH scenarios where the HNL mixes with only a` or a4.

January 28, 2022 – 21:09 8

HNL mass reconstruction using MW hypot.
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𝒒

𝒒′

EXO-21-013 

• 2 SS/OS dilptons (𝑒𝑒, 𝜇𝜇, 𝑒𝜇, 𝜇𝑒) + jet events
• 𝑝; 𝑒, 𝜇 > 5,3 𝐺𝑒𝑉
• Boosted (resolved) regime
• Deep neural network to tag displaced jet
• Search observable: Impact parameter 

significance
• 48 categories to be sensitive to various HNL 

scenarios simultaneously
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𝑽𝒆𝑵 ≠ 𝟎
𝑽𝝁𝑵 = 𝟎
𝑽𝝉𝑵 = 𝟎

𝑽𝒆𝑵 = 𝟎
𝑽𝝁𝑵 ≠ 𝟎
𝑽𝝉𝑵 = 𝟎
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𝒒

𝒒′

EXO-21-013 

• Typically consider the coupling of N to one neutrino 
flavour at a time.  

• First time symultaneous couplings to 𝜈:𝜈9𝜈< is 
considered

 
Lifetime of N:   τN ∝ VνN

−2
mN

−5
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EXO-21-013 

Pure 
electron 
coupling

Pure tau 
coupling

Pure 
muon 
coupling

Majorana HNL
𝒎𝑵 = 𝟒. 𝟓 𝐆𝐞𝐕
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Pure 
electron 
coupling

Pure tau 
coupling

Pure 
muon 
coupling

Majorana HNL
𝒎𝑵 = 𝟒. 𝟓 𝐆𝐞𝐕

Majorana HNL
𝒄𝝉 = 𝟏𝒎𝒎
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  4

Search for VBF → μ±μ± through 
Majorana Ν or the Weinberg operator 

CMS-EXO-21-003

Experimental Signature:
● Two SS μ’s and two jets.
● The cross section of VBF t-channel 

process decreases more slowly with 
increasing m

N
 compared with the 

traditional N hunting strategy (s-channel 
production       annihilation).

Backgrounds:
● Main: WZ and non-prompt leptons 

estimated using CRs. 
● Others: WW, ZZ, tZq, ttW, ttZ, and VVV

Signal Models:
● VBF HMN at Seesaw type I 
● Weinberg operator Dim.5

● Wilson coefficient         ~

arXiv: 
2011.02547

q q̄
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Majorana Ν or the Weinberg operator 
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Signal Models:
● VBF HMN at Seesaw type I 
● Weinberg operator Dim.5

● Wilson coefficient         ~

arXiv: 
2011.02547

q q̄

• Same-sign muons + VBF jets 
• Complementary to DY HNL 

production→ larger x-section at high 
mass

Type-1 Seesaw Experimental signature: Weinberg operator Dim 5

𝜎 ∝ 𝑉ℓ&' 𝑉ℓ(&' 𝜎 ∝ 𝐶)ℓℓ
!
/Λ

'
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● VBF HMN at Seesaw type I 
● Weinberg operator Dim.5

● Wilson coefficient         ~

arXiv: 
2011.02547

q q̄

• Same-sign muons + VBF jets 
• Complementary to DY HNL 

production→ larger x-section at high 
mass

Type-1 Seesaw Experimental signature: 

Search variable 𝐻;/𝑝;(𝜇)

Weinberg operator Dim 5

𝜎 ∝ 𝑉ℓ&' 𝑉ℓ(&' 𝜎 ∝ 𝐶)ℓℓ
!
/Λ

'
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  5

Results on VBF → N → μμ  through 
Majorana Ν or the Weinberg operator 

CMS-EXO-21-003

● Discriminating 
variable for 
both analyses 
is H

T
/p

T(μ1).

● Τhe first search for Majorana Ν at several TeV: 
reaching very high m

N 
up to

 
23 TeV.

● Α first probe of the Weinberg operator at the 
LHC: 
upper limit on effective           : obs (exp) 10.8 (12.8) 

GeV.  
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HNL search via VBF production
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Search for VBF → μ±μ± through 
Majorana Ν or the Weinberg operator 

CMS-EXO-21-003

Experimental Signature:
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N
 compared with the 
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production       annihilation).
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● Weinberg operator Dim.5

● Wilson coefficient         ~

arXiv: 
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q q̄

• First search for Majorana HNL at 
masses up to 23 TeV, most stringent 
limits beyond 650 GeV

• First test of Weinberg operator at 
collider: exclude effective Majorana
neutrino mass (𝐶%ℓℓ

*~ 𝑚'' ) up to 
obs(exp)10.8(12.8) GeV 
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Majorana Ν or the Weinberg operator 
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Type-1 Seesaw Weinberg operator Dim 5
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Intro Composite HNL Longlived HNL VBF + Weinberg WR ! HNL Zprime

WR to Heavy Neutral Leptons

Left-right symmetric model

Explain parity violation in the SM
Resolved and boosted scenarios based on mass
difference mWR -mN

Resolved: 2 leptons + 2 jets

Isolated high-pT jets and leptons

q

q̄0

WR
N

`
`

W ⇤
R

q̄000

q00

Boosted: 2 leptons + 1 Large-radius jet

Second lepton inside large-radius jet (anti-kT with R=0.8)
Lepton subjet fraction algorithm checks consistency of jet with three subjets (l, q, q0)

! Shape analysis in reconstructed mWR
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EXO-20-002Experimental signature:
• Two high pT same flavor leptons ( 𝒆𝒆, 𝝁𝝁)
• Dirac&Majorana
• Fully reconstruct  𝑴𝑾𝑹
• boosted/resolved jets
• for low MN boosted jet includes the lepton
• Search observables: 

𝒎 ℓℓ𝒋𝒋 𝒎 ℓ𝑱 ,
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EXO-20-002

Experimental signature:
• Two high pT same flavor leptons ( 𝒆𝒆, 𝝁𝝁)
• Dirac&Majorana
• Fully reconstruct  𝑴𝑾𝑹
• boosted/resolved jets
• for low MN boosted jet includes the lepton
• Search observables: 
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𝒎 ℓℓ𝒋𝒋 𝒎 ℓ𝑱 ,

𝒎 ℓℓ𝒋𝒋 𝑻𝒆𝑽 𝒎 ℓ𝑱 TeV 𝒎 ℓℓ𝒋𝒋 𝑻𝒆𝑽
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Left-Right Symmetric models, WR
Intro Composite HNL Longlived HNL VBF + Weinberg WR ! HNL Zprime

WR to Heavy Neutral Leptons

Left-right symmetric model

Explain parity violation in the SM
Resolved and boosted scenarios based on mass
difference mWR -mN

Resolved: 2 leptons + 2 jets

Isolated high-pT jets and leptons

q

q̄0

WR
N

`
`

W ⇤
R

q̄000

q00

Boosted: 2 leptons + 1 Large-radius jet

Second lepton inside large-radius jet (anti-kT with R=0.8)
Lepton subjet fraction algorithm checks consistency of jet with three subjets (l, q, q0)

! Shape analysis in reconstructed mWR

1

10

210

310

410

510

610

Ev
en

ts
 / 

bi
n

 syst. uncert.⊕Stat. 
Data
Z+jets

+tWtt
Nonprompt
Other backgrounds

1 2 3 4 5 6 7 8
 (TeV)lljjm

0.8
1

1.2
1.4

Si
m

.
D

at
a

CMS
 (13 TeV)-1138 fb

Resolved DY CR
ee

Post-fit

1

10

210

310

410

Ev
en

ts
 / 

bi
n

 syst. uncert.⊕Stat. 
Data

+tWtt
Z+jets
Nonprompt
Other backgrounds

1 2 3 4 5 6 7 8
 (TeV)lJm

0.5
1

1.5
2

Si
m

.
D

at
a

CMS
 (13 TeV)-1138 fb

Boosted flavor CR
-Jetµe+

Post-fit

1−10

1

10

210

310

410

510

Ev
en

ts
 / 

bi
n

 syst. uncert.⊕Stat. 
Data

+tWtt
Z+jets
Nonprompt
Other backgrounds

) = (6.0, 0.8) TeV
N

, m
RW

(m×5

1 2 3 4 5 6 7 8
 (TeV)lljjm

0.5
1

1.5
2

2.5

Si
m

.
D

at
a

CMS
 (13 TeV)-1138 fb

Resolved SR
ee

Post-fit

Basile Vermassen 8/11

EXO-20-002

Intro Composite HNL Longlived HNL VBF + Weinberg WR ! HNL Zprime

WR to Heavy Neutral Leptons

Results

No significant excess is observed
But slight excess in ee channel: highest local(global)
significance of 2.95�(2.78�) for (mWR ,mN) = (6.0, 0.8) TeV
At mN = mWR/2, excluded mWR up to 4.7(e) and 5.0(µ) TeV
At mN = 0.2 TeV, excluded mWR up to 4.8(e) and 5.4(µ) TeV
Boosted category provides big improvement with low mN

Most stringent limits on WR mass to date
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Left-Right Symmetric models, WR

31(M. Nemevek et. al, arXiv:1801.05813 )

• Similar search by ATLAS
• More rigurous search regions for boosted & 

resolved scenarios

• No significant excess (only 1.6 𝜎)

• Exceeds the sensitivity of CMS in particular for large Δ 𝑚
• For 𝑚 𝑁 < 50 𝐺𝑒𝑉, 𝐍 𝐛𝐞𝐜𝐨𝐦𝐞𝐬 𝐥𝐨𝐧𝐠 𝐥𝐢𝐯𝐞𝐝

Δ 𝑚 = 𝑚 𝑊" −𝑚(𝑁)
𝑚 ℓℓ𝑗𝑗 𝑚 ℓ𝐽 ,𝑚 ℓℓ𝐽 ,𝑚 𝑗𝑗
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Left-Right Symmetric models, Z’
Intro Composite HNL Longlived HNL VBF + Weinberg WR ! HNL Zprime

Z0 ! HNL pair

LRSM model with Z0(400 GeV - 4.4 TeV) decaying to
right-handed neutrinos (100 GeV - mZ0/2)
OS and SS lepton pair(ee or µµ) + jets
! categories for 0,1 and 2+ large-radius jets(AK8)
! cover boosted and resolved scenarios
Shape analysis in reconstructed mZ0

No significant excess is observed
For mN = mZ0/4, exclude mZ0 up to 3.87 TeV (e and µ)
Most stringent limits to date in mZ0 vs mN plane
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PAS-EXO-20-006
Intro Composite HNL Longlived HNL VBF + Weinberg WR ! HNL Zprime

Z0 ! HNL pair

LRSM model with Z0(400 GeV - 4.4 TeV) decaying to
right-handed neutrinos (100 GeV - mZ0/2)
OS and SS lepton pair(ee or µµ) + jets
! categories for 0,1 and 2+ large-radius jets(AK8)
! cover boosted and resolved scenarios
Shape analysis in reconstructed mZ0

No significant excess is observed
For mN = mZ0/4, exclude mZ0 up to 3.87 TeV (e and µ)
Most stringent limits to date in mZ0 vs mN plane
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PAS-EXO-20-006

reconstruct MZ’

32
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Left-Right Symmetric models, Z’
Intro Composite HNL Longlived HNL VBF + Weinberg WR ! HNL Zprime

Z0 ! HNL pair

LRSM model with Z0(400 GeV - 4.4 TeV) decaying to
right-handed neutrinos (100 GeV - mZ0/2)
OS and SS lepton pair(ee or µµ) + jets
! categories for 0,1 and 2+ large-radius jets(AK8)
! cover boosted and resolved scenarios
Shape analysis in reconstructed mZ0
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For mN = mZ0/4, exclude mZ0 up to 3.87 TeV (e and µ)
Most stringent limits to date in mZ0 vs mN plane
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PAS-EXO-20-006

reconstruct MZ’
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Search for Type-III Seesaw 
Eur. Phys. J. C 81 (2021) 218

• S-channel production of 𝑁/𝐿±
• Two leptons with same or opposite charge
• 2 jets and large missing 𝑬𝑻

• extra triplet of heavy fermionic fields
which couple to EW gauge bosons

Main search observables: 

𝒑𝒑 → 𝑵𝟎𝑳±/𝑳±𝑳±/ 𝑵𝟎𝑵𝟎

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-33/
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Search for Type-III Seesaw 
JHEP 03 (2020) 051

• S-channel production of 𝑁5𝐿±
• Multi-leptons, lower backgrounds
• ~40 exclusive search regions

𝒑𝒑 → 𝑵𝟎𝑳±

12

0 200 400 600 800 1000 1200

1−10

1

10

210

310

410

510

610

Ev
en

ts
 / 

20
0 

G
eV Data WZ

ZZ MisID
Conversion Ztt
Rare (300)Σ

(700)Σ Uncertainty

CMS
 (13 TeV)-1137 fb

3L Below-Z

0 200 400 600 800 1000 1200
 (GeV)T

missp + TL

0
0.5

1
1.5

2

O
bs

/E
xp 0 100 200 300 400 500 600 700

1−10

1

10

210

310

410

510

610

Ev
en

ts
 / 

10
0 

G
eV Data WZ

ZZ MisID
Conversion Ztt
Rare (300)Σ

(700)Σ Uncertainty

CMS
 (13 TeV)-1137 fb

3L On-Z

0 100 200 300 400 500 600 700
 (GeV)TM

0
0.5

1
1.5

2

O
bs

/E
xp

0 200 400 600 800 1000 1200 1400 1600

1−10

1

10

210

310

410

510

610

Ev
en

ts
 / 

20
0 

G
eV Data WZ

ZZ MisID
Conversion Ztt
Rare (300)Σ

(700)Σ Uncertainty

CMS
 (13 TeV)-1137 fb

3L Above-Z

0 200 400 600 800 1000 1200 1400 1600
 (GeV)T

missp + TL

0
0.5

1
1.5

2

O
bs

/E
xp 0 200 400 600 800 1000 1200

1−10

1

10

210

310

410

510

610

Ev
en

ts
 / 

20
0 

G
eV Data WZ

ZZ MisID
Conversion Ztt
Rare (300)Σ

(700)Σ Uncertainty

CMS
 (13 TeV)-1137 fb

3L OSSF0

0 200 400 600 800 1000 1200
 (GeV)T

missp + TL

0
0.5

1
1.5

2

O
bs

/E
xp

Figure 3: Type-III seesaw signal regions in 3L below-Z (upper left), on-Z (upper right), above-Z
(lower left), and OSSF0 (lower right) events. The total SM background is shown as a stacked
histogram of all contributing processes. The predictions for type-III seesaw models with S
masses of 300 and 700 GeV in the flavor-democratic scenario are also shown. The lower panels
show the ratio of observed to expected events. The hatched gray bands in the upper panels
and the light gray bands in the lower panels represent the total (systematic and statistical)
uncertainty of the backgrounds in each bin, whereas the dark gray bands in the lower panels
represent only the statistical uncertainty of the backgrounds. The rightmost bins contain the
overflow events in each distribution.
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Figure 3: Type-III seesaw signal regions in 3L below-Z (upper left), on-Z (upper right), above-Z
(lower left), and OSSF0 (lower right) events. The total SM background is shown as a stacked
histogram of all contributing processes. The predictions for type-III seesaw models with S
masses of 300 and 700 GeV in the flavor-democratic scenario are also shown. The lower panels
show the ratio of observed to expected events. The hatched gray bands in the upper panels
and the light gray bands in the lower panels represent the total (systematic and statistical)
uncertainty of the backgrounds in each bin, whereas the dark gray bands in the lower panels
represent only the statistical uncertainty of the backgrounds. The rightmost bins contain the
overflow events in each distribution.
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Figure 11: The 95% confidence level expected and observed upper limits on the total produc-
tion cross section of heavy fermion pairs. The inner (green) and the outer (yellow) bands in-
dicate the regions containing 68 and 95%, respectively, of the distribution of limits expected
under the background-only hypothesis. Also shown are the theoretical prediction for the cross
section and the associated uncertainty of the S pair production via the type-III seesaw mecha-
nism. Type-III seesaw heavy fermions are excluded for masses below 880 GeV (expected limit
930 GeV) in the flavor-democratic scenario.

𝑳𝑻 = 𝒔𝒖𝒎{𝒑𝑻
𝒍𝒆𝒑𝒕𝒐𝒏}

https://arxiv.org/abs/1911.04968
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Summary & Outlook

• Heavy Neutral Leptons are well motivated and has a rich 
set of experimental probe

• Run II data is exhausted for low hanging parameter space

• A few analyses still in the pipeline with RunII data

36

• Run 3 will improve further on 
existing techniques, new 
triggers and new analyses… 
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HNL search in CMS & ATLAS
2208.13882

• Both experiments extend 
the reach towards low 
couplings 

• Some differences in 
sensitivity à expected!

38

Abada, Escribano, Marcano, Piazza 


