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Why search for Heavy Neutron Lepton?

• Non-zero neutrino mass requires an explanation!

• SM does not have the particle content to write down  
renomalizable and gauge invariant mass terms for 
neutrino
- Must add new particles[1]!
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[1] arxiv.org:9805219

https://arxiv.org/abs/hep-ph/9805219
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Type-I see-saw model

Simplest extension to SM neutrino sector: 
Right-handed SM singlet called HNL  

(Type-I see-saw model)
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Interact with SM neutrino through mixing 
 
 

Suppresses SM neutrino mass if heavier than SM

“Sterile” since it’s an electroweak singlet 

Credit: A-M
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Experimental landscape

• Huge parameter space
• Rich phenomenology: prompt/displaced, many production x decay modes
• Probed by many different experiments: collider & beam dump 
• CMS is actively exploring new parameter space with novel techniques!
- low-mass, long-lived, final states involving a -lepton τ

4

4 orders magnitude of mN

~10 orders 
magnitude 
 of |VlN |2

K D B

cτ ∼ |V |−2 m−5
N = const .

Shorter lifetime

Longer lifetime

arxiv:2203.08039

https://arxiv.org/abs/2203.08039
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How to search for HNLs?

5

Example production at  
neutrino exp. searchesCMS is a hermetic, multi-system detector  

Excellent tracking and muon system

Example decay at  
neutrino exp. searches

N

PhysRevD.101.052001

CMS has access to different production and decay modes 
than neutrino experiments

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.052001
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In this talk 

• 5 new results in the past ~1 year!

6

Displaced object reconstructions with ML Novel displaced signature -  
Muon Detector Shower

Novel data stream -  
HNL with B-parking datasetPrompt 3ℓ = (e, μ, τ)
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1 Introduction
The observation of neutrino oscillations [1–3] implies that neutrinos have a nonzero mass [4].
Direct neutrino mass measurements [5, 6], as well as constraints from cosmological observa-
tions [7–9], indicate that the neutrino masses are much smaller than those of the other fermions
in the standard model (SM) of particle physics. A possible mechanism for the generation of
gauge-invariant neutrino mass terms and an explanation of their small scale is the see-saw
mechanism [10–17], which introduces new heavy neutral leptons (HNLs) with right-handed
chirality that are singlets under all SM gauge groups, but mix with the SM neutrinos. In ad-
dition, HNL models can provide a viable dark matter candidate [18, 19], and a mechanism to
generate the matter-antimatter asymmetry of the universe [20–22].

We consider a simplified model with a single HNL (labelled N in diagrams and formulas) of
Majorana or Dirac type that couples through the neutrino mixing matrix exclusively to a sin-
gle generation of SM neutrinos [23, 24]. The signatures of such models in proton-proton (pp)
collisions have been studied extensively [17, 25–35]. We focus on the production in associa-
tion with a charged lepton `±, which proceeds via the charged-current Drell–Yan (DY) process
qq 0

! W± ! N`± [36, 37] or via the vector boson fusion (VBF) process qg ! N`±q0 [38–
41]. Several searches for this production mode have been performed by the ATLAS, CMS, and
LHCb experiments at the CERN LHC [42–53]. The fully leptonic decay channel N ! ``n re-
sults in final states with three charged leptons, as illustrated in Fig. 1. Due to the assumption of
an exclusive coupling to a single SM generation, the charged lepton originating from the HNL
production and the one from the first decay vertex in the case of W-boson-mediated decays
are necessarily of the same flavour and from the generation to which the HNL couples. In the
case of an HNL of Majorana type, both lepton number violating (LNV) and lepton number

q

q̄′

ℓ+
ℓ−
ℓ′+
νℓ′

W+
N W+

Figure 1: Examples of Feynman diagrams for production and decay of an HNL (indicated with
the symbol N) resulting in final states with three charged leptons. The production processes
DY (upper row and lower left) and VBF (lower right) are shown, with decays mediated by a
W boson (upper row and lower right) or a Z boson (lower left). In the left column, HNLs of
Majorana type with an LNV decay are shown, whereas the right column has HNLs of Dirac
type with an LNC decay. The leptons that couple directly to the HNL (indicated with the
symbol `) are restricted to the SM generation that couples with the HNL, whereas the leptons
from the W and Z boson decays (indicated with the symbol ` 0) can be from any SM generation.

EXO-22-019

3

Figure 1: Feynman diagrams showing the semileptonic (upper row) and leptonic (lower row)
decay of a B meson into a lepton (`B), a hadronic system (X) in case of the semileptonic decay,
and a neutrino (n`B

), which contains a small admixture of a heavy neutrino (N). The N mass
eigenstate propagates and, according to its admixture of the neutrino flavour eigenstate (n`),
decays weakly into a lepton `± and a charged pion p⌥.

as `B, or as `. This muon trigger requirement leads to a classification of events according to
the flavour combinations of the leptons: (`B, `) = (µµ, eµ, µe). The µµ channel is referred to
as the dimuon channel, while the other two possibilities, i.e. µe and eµ, are referred to as the
mixed-flavour channel.

This paper is organized as follows: the CMS detector is described in Section 2, and the data
sample is discussed in Section 3, which highlights the role of the special B-parking data stream.
The simulated samples, which are only used to model signal events, are described in Section 4.
Sections 5 and 6 describe the event reconstruction and selection, respectively. The signal nor-
malization is discussed in Section 7. Section 8 presents the signal extraction method, which is
performed using a parametric fit to the data, while Section 9 discusses the systematic uncertain-
ties. The results are presented in Section 10 and are interpreted in the context of the theoretical
framework described above. Section 11 summarizes the principal results of the paper.

Tabulated results are provided in the HEPData record for this analysis [33].
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1 Introduction

The discovery of neutrino oscillations [1–3] has provided experimental evidence that neutrinos
have nonzero masses [4]. Cosmological constraints [5–7] as well as direct measurements [8, 9]
indicate that the neutrino masses are orders of magnitude smaller than the masses of other
fermions in the standard model (SM) of particle physics. A possible way to generate a gauge-
invariant mass term for the SM neutrinos and explain their small mass scale is the see-saw
mechanism, which requires the introduction of new heavy states with right-handed chirality,
referred to as heavy neutral leptons (HNLs, indicated with the symbol N) [10–17]. Additionally,
HNLs can provide explanations for other open questions in high-energy physics like the nature
of dark matter [18, 19] or the matter-antimatter asymmetry in the universe [20–22].

The HNLs are singlets in each gauge group of the SM, and thus do not interact with the SM
particles through the electroweak or strong interaction. They do, however, form mixed mass
eigenstates with the SM neutrinos and can hence be produced and decay via the electroweak
interaction through mixing. For an explanation of both neutrino observations and cosmological
problems, an SM extension with HNLs generally needs to provide three HNL generations with
couplings to all SM neutrino generations [23]. A wide range of HNL masses mN and mixing
parameters V`N can yield realistic mass values for the SM neutrinos and offer an explanation
for the matter-antimatter asymmetry in the universe. In the case of, e.g., mN = 10 GeV, these
requirements are found to be fulfilled for a range of 10�11 < |V`N |2 < 10�5 [22]; a significant
part of which can be probed in proton-proton (pp) collisions at the CERN LHC.

The experimental signature of HNL models has been studied extensively [17, 24–31], and ex-
perimental searches have been conducted at the LHC [32–46], at other colliders [47–51], and
in fixed-target experiments [52–60], covering a mass range from a few keV to several TeV [31].
The HNL lifetime tN depends on mN and V`N as tN µ m�5

N |V`N |�2 [25]. For mN < 20 GeV, the
value of tN can become so large that the HNL decay products emerge from a secondary vertex
(SV) that is spatially displaced from the primary vertex (PV) and can be reconstructed sepa-
rately. Collider searches for HNL production can thus be optimized either for short-lived HNL
scenarios with prompt signatures, or for long-lived HNL scenarios with displaced signatures.

This note reports a search for W boson decays to an HNL and a charged lepton `1, with a sub-
sequent HNL decay to a second charged lepton `2 and two quarks. Examples of leading-order
(LO) Feynman diagrams of the studied process are shown in Fig. 1. The search is optimized
for displaced HNL decays with 1 < mN < 20 GeV, where the large boost of the HNL in the
W boson decay causes the two quarks to be merged into a single jet that also encompasses
`2. The experimental signature thus consists of a prompt `1 originating from the PV, and a
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Figure 1: Example of LO Feynman diagrams for HNL production and decay resulting in a final
state with two charged leptons and two quarks. In the left diagram, the HNL is a Dirac particle
and thus the two charged leptons must have opposite charge. In the right diagram, the HNL is
a Majorana particle and the two charged leptons can have the same charge.

EXO-21-011, EXO-21-013
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N → ℓqq
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Figure 1: Feynman diagrams for the production of a Majorana HNL NM (left) and a Dirac
HNL ND (right) via a W� boson decay and through its mixing with an SM neutrino of the
same flavor. The prompt lepton from the W� boson serves as a clean signature for triggering,
whereas the decay products of the HNL are reconstructed as a cluster of muon detector hits.

The outline of the paper is as follows: a brief description of the CMS detector is given in Sec-47

tion 2. The data set and the simulated samples of events are detailed in Section 3, followed48

by a description of the event selection and categorization in Section 4. A description of the49

backgrounds and the method used to estimate them is given in Section 5. Sources of systematic50

uncertainty affecting the expected numbers of signal and background events are discussed in51

Section 6. The results and their interpretations are presented in Section 7, followed by a sum-52

mary of the paper in Section 8. The numerical results of this paper can be found in its HEPData53

record [43].54

2 The CMS detector55

The central feature of the CMS detector is a superconducting solenoid of 6 m internal diameter,56

providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip57

tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintillator58

hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. The ECAL59

consists of 75,848 lead tungstate crystals, which cover |h| < 1.48 in the barrel region and 1.48 <60

|h| < 3.00 in the two endcap regions. The HCAL is composed of cells of width 0.087 in h and61

azimuth (f, in radians) for the region |h| < 1.74, progressively increasing to a maximum of62

0.174 for larger values of |h|, along with the forward calorimeters extending the h coverage63

provided by the barrel and endcap detectors.64

Muons are measured in the pseudorapidity range of |h| < 2.4, with detection planes embedded65

in the steel flux-return yoke outside the solenoid and made using three technologies: drift tubes66

(DTs), cathode strip chambers (CSCs), and resistive-plate chambers (RPCs).67

The barrel DT detectors cover |h| < 1.2 and are organized into four layers (“stations”), labeled68

MB1 to MB4. The stations are located approximately 4, 5, 6, and 7 m in radial distance (r) from69

the interaction point. Each station is a concentric ring of chambers, interleaved with the layers70

of the steel flux-return yoke of the solenoid and is divided along the beamline axis (z) into five71

wheels. In the first three stations, every DT chamber consists of three “superlayers” (SLs), each72

comprising four staggered layers of parallel DT cells, for a total of 12 layers. The innermost and73

outermost SLs measure the hit coordinate in the rf plane, and the central SL measures in the z74

direction, along the beamline. The fourth station (MB4) contains only two SLs measuring the75

EXO-22-017

Prompt lepton 

Displaced  
inclusive decay

N

Prompt leptons 
from PV N → lπ

EXO-22-011

https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-22-019/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-21-011/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-21-013/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-22-017/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-22-011/index.html
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Displaced object with ML technique

• Two different ML approaches to reconstruct displaced, semi-leptonic HNL decays

7

Particle Flow Net (PFN):  
• A deep set NN built around the  

displaced objects associated with the SV

• Separate trainings for high/low   

and 
mN

l2 = e or μ

EXO-21-011
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1 Introduction

The discovery of neutrino oscillations [1–3] has provided experimental evidence that neutrinos
have nonzero masses [4]. Cosmological constraints [5–7] as well as direct measurements [8, 9]
indicate that the neutrino masses are orders of magnitude smaller than the masses of other
fermions in the standard model (SM) of particle physics. A possible way to generate a gauge-
invariant mass term for the SM neutrinos and explain their small mass scale is the see-saw
mechanism, which requires the introduction of new heavy states with right-handed chirality,
referred to as heavy neutral leptons (HNLs, indicated with the symbol N) [10–17]. Additionally,
HNLs can provide explanations for other open questions in high-energy physics like the nature
of dark matter [18, 19] or the matter-antimatter asymmetry in the universe [20–22].

The HNLs are singlets in each gauge group of the SM, and thus do not interact with the SM
particles through the electroweak or strong interaction. They do, however, form mixed mass
eigenstates with the SM neutrinos and can hence be produced and decay via the electroweak
interaction through mixing. For an explanation of both neutrino observations and cosmological
problems, an SM extension with HNLs generally needs to provide three HNL generations with
couplings to all SM neutrino generations [23]. A wide range of HNL masses mN and mixing
parameters V`N can yield realistic mass values for the SM neutrinos and offer an explanation
for the matter-antimatter asymmetry in the universe. In the case of, e.g., mN = 10 GeV, these
requirements are found to be fulfilled for a range of 10�11 < |V`N |2 < 10�5 [22]; a significant
part of which can be probed in proton-proton (pp) collisions at the CERN LHC.

The experimental signature of HNL models has been studied extensively [17, 24–31], and ex-
perimental searches have been conducted at the LHC [32–46], at other colliders [47–51], and
in fixed-target experiments [52–60], covering a mass range from a few keV to several TeV [31].
The HNL lifetime tN depends on mN and V`N as tN µ m�5

N |V`N |�2 [25]. For mN < 20 GeV, the
value of tN can become so large that the HNL decay products emerge from a secondary vertex
(SV) that is spatially displaced from the primary vertex (PV) and can be reconstructed sepa-
rately. Collider searches for HNL production can thus be optimized either for short-lived HNL
scenarios with prompt signatures, or for long-lived HNL scenarios with displaced signatures.

This note reports a search for W boson decays to an HNL and a charged lepton `1, with a sub-
sequent HNL decay to a second charged lepton `2 and two quarks. Examples of leading-order
(LO) Feynman diagrams of the studied process are shown in Fig. 1. The search is optimized
for displaced HNL decays with 1 < mN < 20 GeV, where the large boost of the HNL in the
W boson decay causes the two quarks to be merged into a single jet that also encompasses
`2. The experimental signature thus consists of a prompt `1 originating from the PV, and a
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Figure 1: Example of LO Feynman diagrams for HNL production and decay resulting in a final
state with two charged leptons and two quarks. In the left diagram, the HNL is a Dirac particle
and thus the two charged leptons must have opposite charge. In the right diagram, the HNL is
a Majorana particle and the two charged leptons can have the same charge.

ℓ+
1

Displaced 
N → ℓqq

Prompt  e/μ

Explicitly reconstruct a Secondary Vertex(SV)

2

originating from the hadronization of the two quarks. If the HNL is highly Lorentz-boosted, a
single jet can also be formed encapsulating all displaced decay products from the HNL, a case
that is also considered in this analysis. For Dirac HNLs, the final-state leptons have opposite
electrical charges, while for Majorana HNLs they can have either the same or opposite electrical
charges with equal probability.

Figure 1: Born-level Feynman diagram for Dirac HNL production and decay via a charged-
current interaction. Corresponding diagrams exist also for Dirac anti-HNL and Majorana HNL
production and decay. In this search, the HNL decay products, encapsulated by the boxes, can
be found collimated within a single jet j?.

In this paper, a search for long-lived Dirac and Majorana HNLs is performed without assum-
ing that their coupling is exclusive to only one lepton generation. Instead, HNL production is
investigated in the full coupling space spanned by VeN, VµN, and VtN for 2 < mN < 20 GeV,
where an HNL proper lifetime t0 of up to ct0 = 104 mm can be probed. A data set of proton-
proton (pp) collisions recorded by the CMS detector at a centre-of-mass energy of 13 TeV and
corresponding to an integrated luminosity of 138 fb�1 is analyzed. Events containing two lep-
tons (e or µ) and jets are selected to target the hadronic HNL decay channel. Several event
categories are defined to provide sensitivity to Dirac and Majorana HNL signals, both prompt
and displaced, while contributions from background processes are estimated from data. A cen-
tral feature of the analysis is the identification of displaced jets (with or without an overlapping
displaced lepton) using a deep neural network (DNN) that does not explicitly require the re-
construction of displaced vertices. The DNN uses a domain adaptation technique to ensure
accurate performance of the resulting classifier in data. The presented search explores an or-
thogonal phase space compared to Ref. [28], where similar parameter ranges in mN and ct0 are
probed but events with three leptons and no jets have been investigated instead.

An outline of the paper is as follows: a brief description of the CMS detector and the reconstruc-
tion of events is given in Section 2. The real and simulated data sets are detailed in Section 3,
followed by a description of the event selection and categorization in Section 4. In Section 5,
details of the identification of displaced jets based on a DNN are presented including its ar-
chitecture and training setup. The determination of the number of events from background
processes is described in Section 6. A list of the sources of systematic uncertainties affecting the
expected number of signal and background events can be found in Section 7. The results are
presented in Section 8, followed by a summary in Section 9.

Tabulated results are provided in the HEPData record for this analysis [34].

2 The CMS detector and event reconstruction
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip
tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintilla-

EXO-21-013
Prompt  e/μ

ℓ+
1

Displaced 
N → ℓqq

Boosted (lepton)-jet 

Displaced (lepton) Jet tagger: 
• A DNN trained with displaced jet  

constituents features

• Parametrized for with HNL displacement

• Cover broad range of similar signatures 

(e.g. resolved & boosted)

• No explicit SV requirements

EXO-21-011, EXO-21-013

https://arxiv.org/abs/1810.05165
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-21-011/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-21-013/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-21-011/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-21-013/index.html
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Displaced object with ML technique

• Able to reconstruct a broad W-mass peak after network cuts
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Particle Flow Net Displaced (lepton) Jet tagger

EXO-21-011, EXO-21-013

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-21-011/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-21-013/index.html
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Displaced object with ML technique

• Events categorized based on  
-  flavors /  charges / HNL candidate displacement
- High/Low mass training (PFN) / Boosted/resolve (DNN)
• Event counting over each categories

ℓ1, ℓ2 ℓ1, ℓ2

9

Particle Flow Net 

Displaced (lepton) Jet tagger

EXO-21-011, EXO-21-013

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-21-011/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-21-013/index.html
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• PFN analysis has better 
sensitivity at >10 GeV 
for HNL with longer lifetime
• DNN analysis able to cover 

shorter lifetimes even at higher 
mass (No SV cut)

Displaced object with ML technique

10

Particle Flow Net Displaced (lepton) Jet tagger

Complementary coverage

• For DNN,  can be from leptonic decay of 
• First HNL search at LHC targeting long-lived and hadronically 

decaying HNLs in the 2–20 GeV mass, with inclusive coupling 
to all three lepton generations

ℓ2 τ → μ/e + ν
Sensitivity to -HNLτ

EXO-21-011, EXO-21-013

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-21-011/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-21-013/index.html
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Prompt 3  = ℓ (e, μ, τ)
• Around 10-20 GeV, HNL decay signature are reconstructed as prompt objects 
• Extending the previous CMS result with 
- Full Run 2 luminosity 
- Hadronic -lepton  

(Reconstructed using DeepTau)
• Construct kinematic variables from the  

well-measured leptons
- Carefully optimized for 25+ categories!

τ
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1 Introduction
The observation of neutrino oscillations [1–3] implies that neutrinos have a nonzero mass [4].
Direct neutrino mass measurements [5, 6], as well as constraints from cosmological observa-
tions [7–9], indicate that the neutrino masses are much smaller than those of the other fermions
in the standard model (SM) of particle physics. A possible mechanism for the generation of
gauge-invariant neutrino mass terms and an explanation of their small scale is the see-saw
mechanism [10–17], which introduces new heavy neutral leptons (HNLs) with right-handed
chirality that are singlets under all SM gauge groups, but mix with the SM neutrinos. In ad-
dition, HNL models can provide a viable dark matter candidate [18, 19], and a mechanism to
generate the matter-antimatter asymmetry of the universe [20–22].

We consider a simplified model with a single HNL (labelled N in diagrams and formulas) of
Majorana or Dirac type that couples through the neutrino mixing matrix exclusively to a sin-
gle generation of SM neutrinos [23, 24]. The signatures of such models in proton-proton (pp)
collisions have been studied extensively [17, 25–35]. We focus on the production in associa-
tion with a charged lepton `±, which proceeds via the charged-current Drell–Yan (DY) process
qq 0

! W± ! N`± [36, 37] or via the vector boson fusion (VBF) process qg ! N`±q0 [38–
41]. Several searches for this production mode have been performed by the ATLAS, CMS, and
LHCb experiments at the CERN LHC [42–53]. The fully leptonic decay channel N ! ``n re-
sults in final states with three charged leptons, as illustrated in Fig. 1. Due to the assumption of
an exclusive coupling to a single SM generation, the charged lepton originating from the HNL
production and the one from the first decay vertex in the case of W-boson-mediated decays
are necessarily of the same flavour and from the generation to which the HNL couples. In the
case of an HNL of Majorana type, both lepton number violating (LNV) and lepton number

q

q̄′

ℓ+
ℓ−
ℓ′+
νℓ′

W+
N W+

Figure 1: Examples of Feynman diagrams for production and decay of an HNL (indicated with
the symbol N) resulting in final states with three charged leptons. The production processes
DY (upper row and lower left) and VBF (lower right) are shown, with decays mediated by a
W boson (upper row and lower right) or a Z boson (lower left). In the left column, HNLs of
Majorana type with an LNV decay are shown, whereas the right column has HNLs of Dirac
type with an LNC decay. The leptons that couple directly to the HNL (indicated with the
symbol `) are restricted to the SM generation that couples with the HNL, whereas the leptons
from the W and Z boson decays (indicated with the symbol ` 0) can be from any SM generation.

EXO-22-011

Cut-based BDT(mN, ℓ, nτ)

OSSF pair,  
, 
, 

 

pT(ℓ1)
m(3ℓ)

min m(ℓ+ℓ−)
mT

Input

https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-17-012/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-22-011/index.html


Martin Kwok | Searches for HNL in CMS

Prompt 3  = ℓ (e, μ, τ)
• Kinematics varies across 3 orders  

of magnitude of  mass

• ~10x improvement for !

• First  limit above !

mN
|VμN |2

|VτN |2 mW
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EXO-22-011

Low-mass 
(on-shell W)

High-mass 
(off-shell W)

10x!

https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-22-011/index.html
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Muon Detector Shower (MDS)
• Steel between muon stations in CMS can act as absorbers in a sampling calorimeter
- Shielding of 12-27 interaction length  background rejection
• Sensitive to (quarks, electrons, photons, taus) except muons!
- Inclusive decay modes of the HNL  25-30% signal efficiency
• Powerful generic LLP signature 

• Categorize events based on the triggering lepton flavor ( ) 
and shower location (CSC or DT) 

→ ∼ 107

→

e/μ
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Figure 1: Feynman diagrams for the production of a Majorana HNL NM (left) and a Dirac
HNL ND (right) via a W� boson decay and through its mixing with an SM neutrino of the
same flavor. The prompt lepton from the W� boson serves as a clean signature for triggering,
whereas the decay products of the HNL are reconstructed as a cluster of muon detector hits.

The outline of the paper is as follows: a brief description of the CMS detector is given in Sec-47

tion 2. The data set and the simulated samples of events are detailed in Section 3, followed48

by a description of the event selection and categorization in Section 4. A description of the49

backgrounds and the method used to estimate them is given in Section 5. Sources of systematic50

uncertainty affecting the expected numbers of signal and background events are discussed in51

Section 6. The results and their interpretations are presented in Section 7, followed by a sum-52

mary of the paper in Section 8. The numerical results of this paper can be found in its HEPData53

record [43].54

2 The CMS detector55

The central feature of the CMS detector is a superconducting solenoid of 6 m internal diameter,56

providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip57

tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintillator58

hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. The ECAL59

consists of 75,848 lead tungstate crystals, which cover |h| < 1.48 in the barrel region and 1.48 <60

|h| < 3.00 in the two endcap regions. The HCAL is composed of cells of width 0.087 in h and61

azimuth (f, in radians) for the region |h| < 1.74, progressively increasing to a maximum of62

0.174 for larger values of |h|, along with the forward calorimeters extending the h coverage63

provided by the barrel and endcap detectors.64

Muons are measured in the pseudorapidity range of |h| < 2.4, with detection planes embedded65

in the steel flux-return yoke outside the solenoid and made using three technologies: drift tubes66

(DTs), cathode strip chambers (CSCs), and resistive-plate chambers (RPCs).67

The barrel DT detectors cover |h| < 1.2 and are organized into four layers (“stations”), labeled68

MB1 to MB4. The stations are located approximately 4, 5, 6, and 7 m in radial distance (r) from69

the interaction point. Each station is a concentric ring of chambers, interleaved with the layers70

of the steel flux-return yoke of the solenoid and is divided along the beamline axis (z) into five71

wheels. In the first three stations, every DT chamber consists of three “superlayers” (SLs), each72

comprising four staggered layers of parallel DT cells, for a total of 12 layers. The innermost and73

outermost SLs measure the hit coordinate in the rf plane, and the central SL measures in the z74

direction, along the beamline. The fourth station (MB4) contains only two SLs measuring the75

Prompt lepton 

Displaced  
inclusive decay, 
reconstructed as 
clusters of hits in 
Muon system

N

https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-22-017/index.html
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Muon Detector Shower (MDS)

• MDS has good signal efficiency for all 3 
flavors for different mass/lifetime
• Similar shape of limits in 

|VeN |2 , |VμN |2 , |VτN |2
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• Backgrounds events can come from…
- W + soft hadrons (ABCD method)
- Z  (Z-enriched CR + transfer factor)→ μμ

https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-22-017/index.html
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Muon Detector Shower (MDS)

• MDS being 4 -12 m from PV favors probing low mass/long lifetime HNL
• Most stringent limits in  in 2.1 - 3.0 GeV

• Most stringent limits in  in 1.9 - 3.3 GeV
|VeN |2

|VμN |2

15
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HNL in B-parking dataset

• B-meson cross section is ~O(10,000) than  cross section at LHC
- Search for HNL in the semi-leptonic B-decays!
• The soft pT spectrum (~ 5GeV) makes it difficult to trigger for normal CMS data stream
• 2018 B-parking dataset solved the trigger problem
- O( )  decay recorded!

• 1) Trigger with either muon from -meson or N ,  
2) Parametric Neural Network(PNN) to reconstruct displaced N with different  
3) Bump hunt with 

W

1010 bb̄

B
mN

m(ℓ, π)
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Figure 1: Feynman diagrams showing the semileptonic (upper row) and leptonic (lower row)
decay of a B meson into a lepton (`B), a hadronic system (X) in case of the semileptonic decay,
and a neutrino (n`B

), which contains a small admixture of a heavy neutrino (N). The N mass
eigenstate propagates and, according to its admixture of the neutrino flavour eigenstate (n`),
decays weakly into a lepton `± and a charged pion p⌥.

as `B, or as `. This muon trigger requirement leads to a classification of events according to
the flavour combinations of the leptons: (`B, `) = (µµ, eµ, µe). The µµ channel is referred to
as the dimuon channel, while the other two possibilities, i.e. µe and eµ, are referred to as the
mixed-flavour channel.

This paper is organized as follows: the CMS detector is described in Section 2, and the data
sample is discussed in Section 3, which highlights the role of the special B-parking data stream.
The simulated samples, which are only used to model signal events, are described in Section 4.
Sections 5 and 6 describe the event reconstruction and selection, respectively. The signal nor-
malization is discussed in Section 7. Section 8 presents the signal extraction method, which is
performed using a parametric fit to the data, while Section 9 discusses the systematic uncertain-
ties. The results are presented in Section 10 and are interpreted in the context of the theoretical
framework described above. Section 11 summarizes the principal results of the paper.

Tabulated results are provided in the HEPData record for this analysis [33].

Displaced N → l + π
pT ∼ 5 GeV

https://www.arxiv.org/abs/1601.07913
https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-22-019/index.html
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HNL in B-parking dataset

• Set 2x better limit than Belle, 10x better limit than LHCb  
2x better than previous CMS limit
• Most stringent limits in 1-1.7 GeV at a collider experiment
• Interpreted for different relative mixing  

 scenariosτℓ
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Summary

• CMS is actively exploring new parameter space with novel techniques!
- low-mass, long-lived, final states involving a -lepton
• New ideas can bring substantial improvements 

• Too much information?  
Summarized in the review of CMS HNL searches

τ
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HNL review paper

15

Soon to be published paper 
will contain a review of HNL 
searches @ CMS:
• All results on type-I 

seesaw HNL searches 
• All searches involving:

o Type-III seesaw HNL
o Left-right symmetric 

model HNL
o Majorana neutrinos in 

composite model 
scenario

CMS searches for type-I seesaw HNL

https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-23-006/index.html
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Thank you!
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