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Heavy Neutral Leptons

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

• 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

Leptogenesis 2 HNLs
Klaric/Shaposhnikov/Timirsyasov 2103.16545

Leptogenesis 3 HNLs 
MaD/Georis/Klaric 2106.16226
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𝑴𝑵 (𝐆𝐞𝐕)
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HNL production at LHC

• Large cross section
• Experimentally very challenging à no trigger
• B-parking data ~1010 àNew results!

 N

 B
 D

  b→ cℓN

𝒑𝒑 → 𝒃2𝒃•
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• Lower x-section but cleaner exp. signature
• In Run2  (𝑾 → ℓ𝝂) ~9x109 events
• Tri-leptons (3ℓ) and SS dilepton+jets
• New results!

𝒑𝒑 → 𝑾 → ℓ𝝂•

/q

/q
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HNL production at LHC

trigger

• Large cross section
• Experimentally very challenging à no trigger
• B-parking data ~1010 àNew results!

 N

 B
 D
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𝒑𝒑 → 𝒃2𝒃•
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• Lower x-section but cleaner exp. signature
• In Run2  (𝑾 → ℓ𝝂) ~9x109 events
• Tri-leptons (3ℓ) and SS dilepton+jets
• New results!

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
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HNL production at LHC

trigger

• Large cross section
• Experimentally very challenging à no trigger
• B-parking data ~1010 àNew results!

 N

 B
 D

  b→ cℓN

𝒑𝒑 → 𝒃2𝒃•
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HNL production at LHC
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 N

 B
 D

  b→ cℓN

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

prompt/displaced
/q

/q

c𝜏=10m
c𝜏=10cm

c𝜏=0.1mm

di
sp

la
ce

m
en

t

displacement

UNIVERSITEIT
GENT

HNL production at LHC

Flight distance of HNL can be macroscopic 
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HNL search with prompt leptons 
• eee, μμμ, μ±μ∓e, e±e∓μ, e±e±μ, μ±μ±e + hadronic tau
• test Dirac/Majorana hypotheses

12

Exhauste
d lis

t o
f 

chategorie
s!!!

arXiv:2403.00100

http://arxiv.org/abs/2403.00100
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HNL search with prompt leptons 
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10.1 Searches for HNLs in the Type I seesaw model 85
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Figure 64: Expected (observed) upper limits at 95% CL derived on heavy neutrino mixing
parameters |VeN |2, |VµN |2, and |VtN |2 as functions of the HNL mass mN. No exclusion limit is
evaluated for the range 75 < mN < 85 GeV, where HNL production through W boson decays
has a resonance and the analysis strategy changes from using the low- or high-mass region. The
area above the solid (dashed) black curve indicates the observed (expected) exclusion region.
The upper limits from other direct searches at the DELPHI experiment [249] and the CMS
experiment [253, 255–257] are superimposed. Figures taken from Ref. [254].

which originate from leptonic decays of heavy quarks or hadrons misidentified as leptons. The
nonprompt-lepton background is estimated from a data sample by applying weights to events
containing muon candidates that fail the nominal selection criteria while passing a less strin-
gent requirement. To select event samples enriched in nonprompt leptons, a b tag CR is defined
requiring at least one b-tagged jet in addition to the SR selection. A WZ CR, requiring the pres-
ence of three muons in an event, is used to estimate W±Z background contributions. The Z
boson decay product is obtained from the OS dimuon combination with the invariant mass
closest to the Z boson mass. Similarly, the WZb CR is defined by requiring the same selection
as for the WZ CR, but requiring at least one b-tagged jet. The dominant backgrounds in the SR
are SM EW W±W± production and the contribution from nonprompt leptons.

Two separate fits are performed: one for the heavy Majorana neutrino analysis using the Df``

arXiv:2403.00100

http://arxiv.org/abs/2403.00100
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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

14

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 ! ⇡+⇡�

15
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Results in search regions 

Data agrees with the predicted data within the uncertainties
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JHEP 07 (2020) 081

http://dx.doi.org/10.1007/JHEP07(2022)081
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Interpretation in Majorana HNL

Sensitivity to |𝑉4%|2 Sensitivity to |𝑉5%|2

17
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Displaced lepton and vertex reconstruction
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Signal efficiencies are 
based on simulation, but 
how realistic it is ? What 
are the uncertainties 
associated to this ? 
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Signal efficiency validation 

Displaced Vertex reconstruction:

• Events with 𝐾67 and 𝛬7
• Displaced vertices using tracks 

that from M(𝐾67) or M(𝛬7)
• Spot any mismodeling in the 

simulation 

𝑲𝒔
𝟎 → 𝝅9𝝅:

𝜏(𝐾!")~10#$"s

19
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Signal efficiency validation

Displaced Vertex reconstruction:

• Events with 𝐾67 and 𝛬7
• Displaced vertices using tracks 

that from M(𝐾67) or M(𝛬7)
• Spot any mismodeling in the 

simulation 

𝑲𝒔
𝟎 → 𝝅9𝝅:

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 → 𝑒9𝑒:)

20
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HNL search in CMS

21

• 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

JHEP 03 (2024) 105

http://dx.doi.org/10.1007/JHEP03(2024)105
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HNL search in CMS
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• 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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JHEP 03 (2024) 105

http://dx.doi.org/10.1007/JHEP03(2024)105
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HNL search in CMS 
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𝑽𝒆𝑵 ≠ 𝟎
𝑽𝝁𝑵 = 𝟎
𝑽𝝉𝑵 = 𝟎

𝑽𝒆𝑵 = 𝟎
𝑽𝝁𝑵 ≠ 𝟎
𝑽𝝉𝑵 = 𝟎

JHEP 03 (2024) 105

𝑽𝒆𝑵 = 𝟎
𝑽𝝁𝑵 = 𝟎
𝑽𝝉𝑵 ≠ 𝟎

http://dx.doi.org/10.1007/JHEP03(2024)105
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A more realistic interpretation

24

𝒒

𝒒′

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

• First time symultaneous couplings to 𝜈5𝜈4𝜈< is considered

 
Lifetime of N:   τN ∝ VνN

−2
mN

−5

JHEP 03 (2024) 105

http://dx.doi.org/10.1007/JHEP03(2024)105
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A more realistic interpretation

25

Pure 
electron 
coupling

Pure 
muon 
coupling

Pure tau 
coupling

Majorana HNL
𝒎𝑵 = 𝟒. 𝟓 𝐆𝐞𝐕

JHEP 03 (2024) 105

http://dx.doi.org/10.1007/JHEP03(2024)105
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A more realistic interpretation
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Pure 
electron 
coupling

Pure 
muon 
coupling

Pure tau 
coupling

Majorana HNL
𝒎𝑵 = 𝟒. 𝟓 𝐆𝐞𝐕

Majorana HNL
𝒄𝝉 = 𝟏𝒎𝒎

JHEP 03 (2024) 105

http://dx.doi.org/10.1007/JHEP03(2024)105
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A new result 2ℓ+ displaced jet

27



Joscha Knolle on behalf of the CMS Collaboration

How to hunt heƒvy neutrƒl leptonswith
mƒchine leƒrning at the CMS experiment

Mission targets

see-saw mechanism dark matter leptogenesis

Pick your player:

ℓ+
ℓ+
ℓ′−
ν̄ℓ′

W+
N W−

Name: prompt 3L

Mass: 10-1500 GeV

Lifetime: short

Decay: at PV

ℓ+
ℓ+
q
q̄′

W+
N W−

Name: displaced 2L

Mass: 1-20 GeV

Lifetime: long

Decay: at SV

prompt 3`: three prompt leptons (e, µ, up to 1 τh) from primary vertex (PV)

displaced 2`: 1 prompt e/µ + displaced e/µ & jet from secondary vertex (SV)

Level 1: control backgrounds

diboson background from MC check agreement with data in control regions

Level 2: validate performance
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50 < m(`1,SV) < 85 GeV

10 < m(`1,SV) < 50 GeV
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Level 3: evaluate exclusion

prompt 3` provides most stringent limits over wide mass range

displaced 2` particularly important for long-lived scenarios with 10–20 GeV

Youwin!

CMS Collaboration, Search for heavy neutral leptons in final states with electrons, muons, and hadronically
decaying tau leptons in proton-proton collisions at

p
s = 13 TeV, arXiv:2403.00100, accepted by JHEP.

CMS Collaboration, Search for long-lived heavy neutral leptons in proton-proton collision events with a lep-
ton and a jet from a secondary vertex at

p
s = 13 TeV, CMS-PAS-EXO-21-011.
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How to hunt heƒvy neutrƒl leptonswith
mƒchine leƒrning at the CMS experiment

Mission targets

see-saw mechanism dark matter leptogenesis
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Level 3: evaluate exclusion

prompt 3` provides most stringent limits over wide mass range

displaced 2` particularly important for long-lived scenarios with 10–20 GeV

Youwin!

CMS Collaboration, Search for heavy neutral leptons in final states with electrons, muons, and hadronically
decaying tau leptons in proton-proton collisions at

p
s = 13 TeV, arXiv:2403.00100, accepted by JHEP.

CMS Collaboration, Search for long-lived heavy neutral leptons in proton-proton collision events with a lep-
ton and a jet from a secondary vertex at

p
s = 13 TeV, CMS-PAS-EXO-21-011.

• Train a Particle Flow Network to distinguish 
signal from background

• Great discrimonation power
• BUT! How to predict the background ? 
• How to validate the PFN performance ? 

~M(W)

Search regions 
defined in Δ=> and 
𝑚(𝑆𝑉) 
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Level 3: evaluate exclusion

prompt 3` provides most stringent limits over wide mass range

displaced 2` particularly important for long-lived scenarios with 10–20 GeV

Youwin!

CMS Collaboration, Search for heavy neutral leptons in final states with electrons, muons, and hadronically
decaying tau leptons in proton-proton collisions at

p
s = 13 TeV, arXiv:2403.00100, accepted by JHEP.

CMS Collaboration, Search for long-lived heavy neutral leptons in proton-proton collision events with a lep-
ton and a jet from a secondary vertex at

p
s = 13 TeV, CMS-PAS-EXO-21-011.

𝑵𝒋𝒆𝒕 > 𝟏 and K_short 
events for validation 
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Low mass m(SV)< 6 GeV

Low mass M(SV)> 6 GeV

A new result 2ℓ+ displaced jet
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Triggering 

lepton

Shower 

in muon 

system

• Final state leptons: 𝒆, 𝝁, 𝝉
• Single HNL scenario

• Probing exclusive and democratic coupling scenarios

• Muon detector showers (MDS) have a huge discriminant power
o Background suppression of  107 and retaining 25-35% of signal

• Background contributions

o Non muon-induced (e.g. prompt lepton from W + soft hadron from PU)

o Muon-induced (e.g. 𝑍 → 𝜇𝜇 event + 𝜇 bremsstrahlung)

Event counting in 

each category

arXiv:2402.18658

Accepted by PRD

Prompt 𝟏ℓ + MDS

Displaced 

HNL vertex in 

𝜇 system, >4 

(7) m in barrel 

(endcap)
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Muon Detector Shower (MDS)

• Lifetime sensitivity range of 0.1-10 m
• masses ranging from 1 to approximately 

3.5 GeV. 
• sensitive to HNL mixing to all three 

generations of leptons 
• Veto events with jets with significant

signals in the inner detector suppresses 
SM background by 107

Displaced vertex in muon 
system, 4-10m from the PV
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Prompt 𝟏ℓ + MDS results

12

Muon detector shower-based analysis allow to have good 
sensitivity on long lived HNL → excellent results on 𝑉ℓ𝑁 2 limit 
for light HNL
• Most stringent limits to date in 𝑽𝒆 𝟐 in the 2.1-3.0 GeV mass 

range
• Most stringent limits to date in 𝑽𝝁

𝟐
 in the 1.9-3.3 GeV mass 

range
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9.1 Production of HNLs in the Type I seesaw model 77

W±

W±

N
W⌥

�

q

q000

q00

q0

`±

`±

Figure 56: Representative Feynman diagram of a Majorana HNL, labeled as N, produced
through the Wg fusion process and with two charged leptons and jets in the final state.

An additional HNL production process is searched for in the decays of B mesons [211]. This
is interesting to probe as B mesons are produced in pp collision events with a much higher
rate than W bosons, and are therefore a more prominent source of neutrinos. A representative
Feynman diagram of this process is shown in Fig. 57.

⌫�P
W±� N�

⌫� W±�

`±
P `⌥

B{ }X
} �±

Figure 57: Representative Feynman diagram showing the semileptonic decay of a B meson into
the primary lepton (`P), a hadronic system (X), and a neutrino, which contains the admixture
of an HNL. The HNL propagates and decays weakly into a charged lepton `± and a charged
pion p⌥.

A Majorana HNL in the context of the Type I seesaw model would also induce a process where
two SS W bosons fuse and lead to the production of a pair of SS leptons, notably with the
absence of neutrinos in the final state as illustrated in the Feynman diagram in Fig. 58 (left).

It is worth noting that the cross section of this kind of t-channel processes (processes char-
acterized by the exchange of a virtual particle) is less sensitive to the mass of the intermediate
particle compared with s-channel quark-antiquark annihilation processes discussed previously
and shown in Fig. 55. The Vector Boson Fusion (VBF) processes, presented in Fig. 58 (left), may
complement searches for heavy Majorana neutrinos in the t-channel at the TeV mass scale.

Additionally, these VBF-type processes are analogous to the VBF processes induced by the
dimension-5 Weinberg Operator [212]. This operator is proposed [213] to extend the SM La-
grangian with terms of the form

L5 =
C`` 0

5
L

⇥
F · Lc

`

⇤⇥
L` 0 · F

⇤
, (7)

where ` and ` 0 are different lepton flavors (electrons, muons, or tau leptons); L is the energy
scale at which the particles responsible for neutrino masses becomes a non negligible parame-

13

Triggering muon

Displaced 
ℓ𝜋 decay 

vertex

HNL would show up as a 
peak in the ℓ𝜋 invariant mass

• Exploiting the large statistics available in 2018  B-Parking dataset
o ∼ 𝟏𝟎 billion events containing unbiased B hadron decays

• Final state leptons: 𝒆, 𝝁
• Single HNL scenario
• Probing exclusive and democratic coupling scenarios

• Sensitive to low HNL mass spectrum 
• Clear HNL displaced signature over combinatorial background

arXiv:2403.04584

Submitted to JHEP

B-Parking 2ℓ + 𝝅 

Displaced HNL vertex within 
tracker volume (<1 m)

High rate of 
low 𝑝𝑇  muons

«parking» raw
data for later 

reconstruction

Large 
sample of 
𝑏ത𝑏 events

problem solution
• Long awaited result…
• B-Parking dataset from 2018
• ~10 billion B mesons
• 2 SS/OS dilptons (𝑒𝑒, 𝜇𝜇, 𝑒𝜇, 𝜇𝑒) + 𝜋
• 𝑝; 𝑒, 𝜇 > 5,3 𝐺𝑒𝑉
• Sensitivity at low mass  and  

92

cluster and the Df between the MDS cluster and the prompt lepton as the two uncorrelated
observables. In the prompt-muon event categories, Z ! µµ events might mimic the back-
to-back configuration between the MDS cluster and the prompt lepton, when one of the two
muons from the Z boson decay undergoes bremsstrahlung in the muon detector and fails to
be reconstructed as a muon object. A dedicated leptonic tt data sample is used to estimate the
rate of such muons passing the SR selections. Figure 70 shows good agreement between the
observed number of events in the SRs and the background predictions in the different event
categories.

Figure 70: Expected and observed number of events in the SR of different event categories.
Signal yields of a Majorana HNL with a mass of 2 GeV and with a proper decay length of 1 m
are overlaid on top of the expected background estimated using the ABCD method. Figure
taken from Ref. [265].

Upper limits on the HNL production cross section are determined as a function of the HNL
mass for different mixing hypotheses. Figure 71 shows the limits on the electron, muon, and
tau neutrino mixing amplitudes as a function of the HNL mass. This search extends the existing
limits towards the parameter space with longer lifetimes or smaller |V`N |2.

Finally, we review a search for long-lived HNLs in the leptonic and semileptonic decays of B
mesons [211]. The search probes HNLs with masses in the range 1 < mN < 3 GeV and mean
proper decay lengths in the range 10�2 < ctN < 104 mm, and targets HNLs decaying within
the CMS tracker volume. A novel and key feature of the search is the use of a special b hadron
enriched data sample, referred to as the B-parking data sample [266–268], which corresponds
to an integrated luminosity of 41.6 fb�1 and contains of the order of 1010 bb events.

For the first time at the CMS experiment, the decays of B mesons, with B = (Bu, Bd, Bs, Bc), are
considered as the source of signal. This production channel offers complementary sensitivity
to that of the other searches for long-lived HNLs discussed above, which consider decays of W
bosons as the source of the heavy neutrinos. Indeed, B mesons are significantly more abundant
in pp collisions than W bosons, and consequently, are potentially a more prominent source of
signal. Moreover, because the B mesons have a lower mass than the W boson, the HNL states
produced in B decays have lower momenta than those produced in W boson decays. For LLP
signatures, the softer momentum spectrum is an advantage as it leads to a higher fraction of
HNLs that decay within the CMS tracker volume.
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B-Parking 𝟐𝓵 + 𝝅 results

14

• Most stringent limits on 𝑉𝑁 2 in the 1-1.7 GeV mass range at 
collider experiments

• Best sensitivity reached for 𝑽𝝁
𝟐

 thanks to excellent muon 
identification efficiency

• Extended previous CMS limits up to a factor 2 in the 1-2 GeV 
mass region



UNIVERSITEIT
GENT

HNL search via VBF production

  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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● Wilson coefficient         ~

arXiv: 
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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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Same-Sign 𝜇𝜇

PRL 131 (2023) 

http://dx.doi.org/10.1103/PhysRevLett.131.011803
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86

bins in the SR, and the b-tagged, WZ, and WZb CRs; and a second for the Weinberg operator
analysis with the pmiss

T bins in the SR, and the b-tagged, WZ, and WZb CRs. The normalization
factors for the WW, WZ, and tZq background processes, affecting both the SRs and CRs, are
included as free parameters in the fit together with the signal strength. The bin boundaries are
chosen to optimize the signal sensitivity.

The results are found to agree with the predictions of the SM. Using the relationship between
the cross section and the mixing elements for the heavy Majorana neutrino analysis, upper
limits at 95% CL are derived on |VµN |2, as shown in Fig. 65. These results surpass those ob-
tained in previous searches by the ATLAS and CMS Collaborations [246, 253, 259, 260] for
mN & 650 GeV, and set the first direct limits for mN > 2 TeV. According to Eq. (8), for the
`` 0 = µµ channel, a limit on the effective µµ Majorana mass |mµµ | = Cµµ

5 v2/L is obtained

from the limit on |C`` 0

5 /L|2 in the Weinberg operator analysis. The observed (expected) 95%
CL upper limit on |mµµ | is found to be 10.8 (12.8) GeV. This upper limit on mµµ is the first
obtained using a collider experiment, and it improves upon a previous limit set by the NA62
Collaboration [212, 261].

 [       ]

Figure 65: Upper limits on |VµN |2 at 95% CL as a function of mN. The black dashed curve shows
the median expected upper limit, while the inner (green) band and the outer (yellow) band
indicate the regions containing 68 and 95%, respectively, of the distribution of limits expected
under the background-only hypothesis. The solid black curve is the observed upper limit [256].
The red dashed curve displays the observed upper limits from Ref. [253], while the blue dashed
curve shows the observed upper limits from Ref. [246]. Figure adapted from Ref. [256].

10.1.2 Searches for long-lived HNLs

In this section, we review the searches conducted by the CMS Collaboration for HNLs with dis-
placed signatures, starting with searches for HNLs produced through W boson decays, specif-
ically focusing on the s channel. First we describe a search for the N in semihadronic decays,
followed by the search in fully leptonic decays. Next, a search for HNLs with inclusive decay
in the muon system is discussed. Finally, we conclude this section with a search for HNLs
produced from the decay of B mesons.

The first search considers a Majorana or Dirac HNL that is produced in association with one
charged lepton (`) and decays to a second charged lepton (` 0) and jets [257], as shown in Fig. 55.

PRL 131 (2023) 

http://dx.doi.org/10.1103/PhysRevLett.131.011803
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EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH (CERN)

CERN-EP-2024-095
2024/05/29

CMS-EXO-23-006

Review of searches for vector-like quarks, vector-like
leptons, and heavy neutral leptons in proton-proton

collisions at
p

s = 13 TeV at the CMS experiment

The CMS Collaboration*

Abstract

The LHC has provided an unprecedented amount of proton-proton collision data,
bringing forth exciting opportunities to address fundamental open questions in par-
ticle physics. These questions can potentially be answered by performing searches for
very rare processes predicted by models that attempt to extend the standard model of
particle physics. The data collected by the CMS experiment in 2015–2018 at a center-
of-mass energy of 13 TeV help to test the standard model at the highest precision ever
and potentially discover new physics. An interesting opportunity is presented by
the possibility of new fermions with masses ranging from the MeV to the TeV scale.
Such new particles appear in many possible extensions of the standard model and are
well motivated theoretically. They may explain the appearance of three generations
of leptons and quarks, the mass hierarchy across the generations, and the nonzero
neutrino masses. In this report, the status of searches targeting vector-like quarks,
vector-like leptons, and heavy neutral leptons at the CMS experiment is discussed.
A complete overview of final states is provided together with their complementarity
and partial combination. The discovery potential for several of these searches at the
High-Luminosity LHC is also discussed.

Submitted to Physics Reports

© 2024 CERN for the benefit of the CMS Collaboration. CC-BY-4.0 license

*See Appendix B for the list of collaboration members
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Joscha Knolle on behalf of the CMS Collaboration

How to hunt heƒvy neutrƒl leptonswith
mƒchine leƒrning at the CMS experiment

Mission targets

see-saw mechanism dark matter leptogenesis

Pick your player:
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Lifetime: long

Decay: at SV

prompt 3`: three prompt leptons (e, µ, up to 1 τh) from primary vertex (PV)

displaced 2`: 1 prompt e/µ + displaced e/µ & jet from secondary vertex (SV)

Level 1: control backgrounds

diboson background from MC check agreement with data in control regions

Level 2: validate performance
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Level 3: evaluate exclusion

prompt 3` provides most stringent limits over wide mass range

displaced 2` particularly important for long-lived scenarios with 10–20 GeV

Youwin!

CMS Collaboration, Search for heavy neutral leptons in final states with electrons, muons, and hadronically
decaying tau leptons in proton-proton collisions at

p
s = 13 TeV, arXiv:2403.00100, accepted by JHEP.

CMS Collaboration, Search for long-lived heavy neutral leptons in proton-proton collision events with a lep-
ton and a jet from a secondary vertex at

p
s = 13 TeV, CMS-PAS-EXO-21-011.
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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
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`
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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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Basile Vermassen 8/11

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

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

44(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’

45
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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
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PAS-EXO-20-006

reconstruct MZ’

46



47

UNIVERSITEIT
GENT

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 𝑁7𝐿±
• Multi-leptons, lower backgrounds
• ~40 exclusive search regions

𝒑𝒑 → 𝑵𝟎𝑳±

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

49

• Run 3 will improve further on 
existing techniques, new 
triggers and new analyses… 
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Louis Henry - LHCP 2024

7Search for heavy neutral leptons in W+1µ+µ±jet decays

 Prompt HNL decays, allowing for Majorana.

 Background normalised via W1JK and Z1bb

 Constrained to prompt in order to suppress heavy-flavour
background.

Eur. Phys. J. C 81 (2021) 248



UNIVERSITEIT
GENT

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
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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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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

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
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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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• After cuts, background is dominated by random track crossings 
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*** Run II configuration ***

Standard ID track

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

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
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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

m2
HNL = (Plβ + Plγ + Pνγ

)2

Explicit veto-cut on 
metastable decays

HNLs: Experimental signature
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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
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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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*** Run II configuration ***

Standard ID track

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
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• 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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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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*** Run II configuration ***

Standard ID track

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
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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.
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HNL mass reconstruction using MW hypot.
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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!
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