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• Non-zero neutrino mass consistent with oscillation 
observations

• Right-handed sterile neutrino states can be introduced
• Leading to heavy neutral leptons (HNL) when 

mixing with LR states
• Can be Majorana (particle = anti-particle) or Dirac

Brief Motivation to HNLs (c.f. previous talk)

arXiv:1301.5516

HNLs could explain

• Origin of neutrino masses
• Seesaw mechanism

• Matter-antimatter asymmetry
• CP violation increase due to 𝜈

oscillations in early universe

• Dark Matter candidate
• Models with ≥ 3 HNLs can have 

order keV sterile neutrino

*

* Technically mixing notation here, Ni usually 
refers to chiral state not mass state
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How to look for HNLs: Colliders & Fixed target

CERN-PBC-REPORT-2018-007

displaced

Prompt low 
mass

Prompt high 
mass

• Below Kaon mass
• Kaon decays

• e.g. NA62

• Below B or D masses

• Heavy flavour decays 

• e.g. Belle, LHCb

• Below W, Z masses
• Displaced and prompt searches

• e.g. LEP, LHC

• Above W,Z masses
• Decays to on shell bosons 

• e.g. LHC
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• Displaced and/or prompt vertices
• Search for heavy neutral leptons in decays of W bosons using a dilepton displaced vertex 

in √s=13 TeV pp collisions with the ATLAS detector arXiv:2204.11988 (ATLAS)
• Search for long-lived heavy neutral leptons with displaced vertices in proton-proton collisions at √s= 13 

TeV arXiv:2201.05578 (CMS)
• Search for heavy neutral leptons in W+ → μ+μ± jet decays Eur. Phys. J. C 81 (2021) 248 (LHCb)

• Type-III seesaw
• Search for type-III seesaw heavy leptons in leptonic final states in pp collisions at √s=13 TeV with the ATLAS 

detector arXiv:2202.02039 (ATLAS)
• Inclusive nonresonant multilepton probes of new phenomena at √s= 13 TeV, arXiv:2202.08676 (CMS)

• Vector boson fusion
• Probing Majorana neutrinos and the Weinberg operator in the same-charge dimuon channel through vector 

boson fusion processes in proton-proton collisions at √s= 13 TeV CMS-PAS-EXO-21-003 (CMS)

• Composite models
• Search for a heavy composite Majorana neutrino CMS-PAS-EXO-20-011 (CMS)

• With new gauge bosons
• Search for Z' bosons decaying to pairs of heavy Majorana neutrinos in proton-proton collisions at √s= 13 TeV 

CMS-PAS-EXO-20-006 (CMS)
• Search for a right-handed W boson and a heavy neutrino in proton-proton collisions at √s= 13 TeV 

arXiv:2112.03949 (CMS)

How to look for HNLs: LHC
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2019-29/
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-20-009/index.html
https://arxiv.org/abs/2011.05263
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2020-02/
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-21-002/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-21-003/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-20-011/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-20-006/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-20-002/index.html
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• Simplest way to get neutrino masses: Dim 5 operator
• C5

ll’: a flavour dependent Wilson coefficient
• Ll

T = (𝜐l,l): lepton doublet
• Majorana masses: mll’ = C5

ll’ vev2 /𝛬
• Results in lepton number violation (Majorana: particle = anti-particle)

• Seesaw mechanism
• Elegant way to give small 𝝊 masses to SM
• Lightness of SM neutrinos suppressed due to heaviness of new particle
• Introduce heavy neutrino (N0,𝛴0)
• HNL can be Majorana or Dirac

• Type-I: Simplest version
• Add 1 or 2 RH neutrinos, transform as singlet under SM

• i.e. inert under EWK
• m𝜐~ y2

𝜐 𝜐2/ mN

• If y𝜐~1: to get m𝜐 ~eV: mN ~1014-1015 GeV
• Can generate lower masses by decreasing y𝜐

Neutrino Mass Generation Models

1

The past 50 years have witnessed the enormous success of the standard model (SM). Until now,
the only evidence for physics beyond the SM (BSM) is the observation of neutrino oscillations,
which confirms that at least two types of SM neutrinos have a tiny, but strictly nonzero, mass.
The upper limits for each neutrino mass come from many experiments within different research
fields, including cosmology and direct measurements [1].

The simplest formalism in which neutrino masses can arise is through a dimension-5 opera-
tor as shown by Weinberg [2]: L5 = C``0

5 /L
⇥
F·L

c

`

⇤⇥
L`0·F

⇤
, where L is the scale at which the

particles responsible for neutrino masses become relevant degrees of freedom; C``0
5 is a flavor-

dependent Wilson coefficient; L
T

` = (n`, `) is the left-handed lepton doublet; and F is the SM
Higgs doublet with a vacuum expectation value v =

p
2hFi ⇡ 246 GeV. The Weinberg oper-

ator generates the Majorana neutrino masses as m``0 = C
``0
5 v

2/L. It leads to an experimental
signature involving lepton number violation (LNV), as the Majorana neutrino is its own an-
tiparticle. The LNV process has been tested extensively in searches for neutrinoless double
beta decay in the decays of heavy nuclei. These experiments search for a signature consisting
of two same-charge electrons and the absence of neutrinos in the final state. These searches set
stringent upper limits, in the range 79–180 meV, on |mee| at the 90% confidence level (CL) [3].
Since muons and tau leptons are much heavier than electrons, same-charge lepton final states
involving muons and tau leptons are kinematically forbidden in low-energy nuclear experi-
ments and have to be studied at colliders [4].

The high-energy completion of the Weinberg operator can be realized in the context of “see-
saw” models [5–8], assuming the existence of hypothetical heavy states, for example the heavy
Majorana neutrino (N) in the type-I seesaw model. The lightness of the SM neutrinos can thus
be explained by a suppression due to the heaviness of new particles, because mn ⇠ y2

nv
2/mN.

In this expression, mn is the SM neutrino mass, mN is the mass of the heavy Majorana neutrino,
and yn is the Yukawa coupling. Constraints have already been set on the coefficient V`N , which
characterizes the mixing between a neutrino in its left-handed interaction state and a heavy
Majorana neutrino in its mass eigenstate, for heavy Majorana neutrino masses ranging from a
few GeV to around 1 TeV. At the low end of the mass range, the constraints are ⇡ 10�5, while at
the high end of the mass range, the constraints reach 1. The searches that have set limits on V`N

were based on the production of a heavy Majorana neutrino through either quark–antiquark
annihilation or Wg fusion, with many leptons in the final state [9–11] or in final states contain-
ing LNV lepton pairs [12–14].

This note reports the first search probing Majorana neutrinos and the Weinberg operator in
vector boson fusion (VBF) processes [4, 15] at the LHC, studying the same-charge dimuon
channel. As shown by the two representative Feynman diagrams in Fig. 1, in the t-channel,
same-charge W boson pairs convert to same-charge lepton pairs via a TeV-scale Majorana neu-
trino or through a Weinberg operator process. Because the cross section of t-channel processes
is less sensitive to the mass of the intermediate particle compared with the s-channel quark–
antiquark annihilation processes, the VBF processes can complement searches for heavy Majo-
rana neutrons at the TeV mass scale.

This analysis is based on proton-proton (pp) collision data collected at
p

s = 13 TeV by the CMS
experiment at the CERN LHC during 2016–2018, corresponding to an integrated luminosity of
138 fb�1.

The CMS apparatus [16] is a multipurpose, nearly hermetic detector, designed to trigger on [17,
18] and identify electrons, muons, photons, and hadrons [19–22]. A global reconstruction
“particle-flow” (PF) algorithm [23] combines the information provided by the all-silicon inner
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Low mass HNLs: displaced and prompt 
vertices
Search for heavy neutral leptons in decays of W bosons using a dilepton displaced vertex 
in √s=13 TeV pp collisions with the ATLAS detector

arXiv:2204.11988 (ATLAS)
Search for long-lived heavy neutral leptons with displaced vertices in proton-proton collisions 
at √s= 13 TeV

arXiv:2201.05578 (CMS)
Search for heavy neutral leptons in W+ → μ+μ± jet decays 

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

House-keeping:
9 results in 18min
I won’t keep saying ‘no excess is observed’
I won’t mention systematics at all
All analyses do profile likelihood fits 

Dominant backgrounds free floating or 
large wiggle room 

Normalisation from simultaneous fit to 
SR(s)+CRs

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2019-29/
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-20-009/index.html
https://arxiv.org/abs/2011.05263
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• Type-I seesaw
• Produced with SM charged lepton
• Decay to SM via W* or Z*
• Interaction controlled by mixing angles (|U𝛼|2)
• mN dictates decay kinematics
• Lifetime: 𝜏 ∝ %

&!
" |(#|$

Signature
• If mN ≲20 GeV: Displaced Vertex (DV)

• Common origin point for tracks that is 
displaced with respect to PV

• Requires special displaced track and 
displaced vertex reconstruction

• 2 opposite charge leptons
• Prompt lepton (used for trigger)

Low mass HNL: Model & Signature

More on other ‘displaced vertex searches’ in next session (BSM2) by L. Henry

|U𝛼|

From D. Trischuk’s PhD thesis

U𝛼 = VN𝛼
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ATLAS
• Using Large Radius Tracking (filter)

• Reconstruct HNL mass: 𝑚%&' = (𝑃(" + 𝑃(#+ 𝑃)#)
*

• Split into 2 bins: SR and CR (0-20, 20-50 GeV)
• Dedicated cuts to remove non-random backgrounds

• Material interactions, Z->ll, B/D-hadrons, cosmics
• Background dominated by random track crossing

• DV sample from VR without prompt lepton
• Shuffle DV with prompt leptons from SR

CMS
• Final state split into regions by

• Dilepton invariant mass of displaced lepton pair, mll

• Transverse displacement of displaced lepton pair: Δ2D

• Hadron mass vetoes
• SM background derived using data control samples

Displaced Strategy
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CMS & ATLAS Results
Electron mixing dominance

Metastable 
decay veto

Too little stats

Decays too 
soon

Muon mixing dominance
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ATLAS - New Mixing Scenarios

L2r #2M+?K�`Fb pbX M2mi`BMQ Qb+BHH�iBQM +QMbi`�BMib

3 f N

Electron-
only

Muon-
only

IH

NH

So far
• Assuming 100% mixing to one flavour (𝜇 or e)
Realistic multi-flavour scenarios
• Two quasi-degenerate HNLs with m1~m2 (2QDH)
• 2 points: consistent with neutrino oscillation data

• Inverted Hierarchy (IH)
• Normal Hierarchy (NH)

Notation: (e,𝜇,𝜏)

Future Improvements (my opinion)
• ATLAS: gain from running Large radius tracking by default 

(~factor 2 in acceptance)
• CMS: realistic scenarios
• Both: Include tau decays, include hadronic W*/Z* decays
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Figure 2: Feynman diagram for the production of a heavy neutrino via mixing with a neutrino
from the decay of a W boson and semileptonic decay of the heavy neutrino into a lepton and
two quarks. The subscripts ↵ and � indicate the lepton flavour. In this analysis ↵ and � are
both muons.

of coupling and branching ratio.
The paper is organised as follows. In Section 2 the detector, data and simulation

samples are described, and in Section 3 the selection of signal and normalisation candidates
is discussed. Section 4 contains the results and conclusions are drawn in Section 5.

2 Detector and simulation

The LHCb detector [26, 27] is a single-arm forward spectrometer covering the
pseudorapidity range 2 < ⌘ < 5, designed for the study of particles containing b or
c quarks. The detector includes a high-precision tracking system consisting of a silicon-
strip vertex detector surrounding the pp interaction region [28], a large-area silicon-strip
detector located upstream of a dipole magnet with a bending power of about 4Tm, and
three stations of silicon-strip detectors and straw drift tubes [29] placed downstream of the
magnet. The tracking system provides a measurement of the momentum, p, of charged
particles with a relative uncertainty that varies from 0.5% at low momentum to 1.0% at
200GeV/c. The minimum distance of a track to a primary proton-proton collision vertex
(PV), the impact parameter (IP), is measured with a resolution of (15+ 29/pT)µm, where
pT is the component of the momentum transverse to the beam, in GeV/c. Di↵erent types
of charged hadrons are distinguished using information from two ring-imaging Cherenkov
detectors [30]. Photons, electrons and hadrons are identified by a calorimeter system
consisting of scintillating-pad (SPD) and preshower detectors, an electromagnetic and a
hadronic calorimeter. Muons are identified by a system composed of alternating layers of
iron and multiwire proportional chambers [31]. The online event selection is performed
by a trigger [32], which consists of a hardware stage, based on information from the
calorimeter and muon systems, followed by a software stage, which applies a full event

3

• Prompt HNL decays
• Coupling only to muons & decay of W* to quarks (≥1jet)
• Both 𝜇± 𝜇∓ and 𝜇±𝜇± considered (allows for Majorana)
• Background normalised via W->𝜇𝜐 and Z->bb
• Heavy flavour reduced by prompt requirement
• Other backgrounds reduced by 3 BDTs
• Reco mHNL = m(𝜇 j)

LHCb – Analysis & Results
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Figure 3: The (left) positive and (right) negative muon transverse momentum spectra for the
2012 data set integrated over pseudorapidity for the normalisation channel. The filled histograms
are the result of the fit to the data.

from a control sample characterised by large energy deposits in the calorimeters. The
yields for the minor background contributions are fixed to their expected values from
simulation. The yield for the Z ! µµ component is constrained to the value obtained from
the corresponding control region extrapolated according to simulation. The distribution
of the muon transverse momentum for 2012 data integrated over pseudorapidity is shown
in Fig. 3 with the filled histograms resulting from the fit to the data overlaid.

Systematic uncertainties on the normalisation yield are estimated separately for the
2011 and 2012 data sets by varying the shape and normalisation of the templates. Replacing
the QCD template with an exponential distribution and varying the W ! µ⌫ templates
each yield a di↵erence with respect to the default fit of about 1%, which is assigned as a
systematic uncertainty. The ratio of measured QCD yields per pseudorapidity bin between
positively and negatively charged muons deviates from unity. A systematic uncertainty
of 0.7% is assigned to account for the di↵erence with respect to the default fit when the
normalisation of the QCD component is fixed bin by bin to the average of the yields.
Systematic uncertainties of less than 0.1% are assigned for each of the components whose
yield is fixed in the fit to account for the largest variation observed with respect to the
default fit when each yield is changed by one standard deviation. For the 2011 data set
an additional source of uncertainty is considered to account for the di↵erence in templates
between 2011 and 2012 simulation, resulting in 0.7% assigned systematic uncertainty. The
total systematic uncertainty on the normalisation yield is 1.8% and 1.6% for the 2011 and
2012 data sets, respectively.

The total yield for the normalisation channel W ! µ⌫ is (795± 1± 15)⇥ 103 for 2011
data and (1719 ± 2 ± 27) ⇥ 103 for 2012 data, where the first uncertainty is statistical
and the second systematic. The total yield comprises 57% W

+ decays and 43% W
�

decays. The ratio of the measured yields for positively and negatively charged muons as a
function of pseudorapidity is in good agreement with the simulation and the measurement

7

Background normalisation region

Figure 4: Distributions of the invariant mass m(µN jet) for (left) same-sign and (right) opposite-
sign muons. The signal component corresponds to a 15GeV/c2 neutrino.

Figure 5: Expected (dashed line) and observed (solid line) upper limit on B(N ! µ jet) |VµN |2
at 95% C.L. for (left) the same-sign muons sample and (right) the opposite-sign muons sample.
The light and dark green bands show the 1� and 2� uncertainties, respectively, on the expected
upper limits.

three of the candidates are very close to the requirements, defined a priori with a blinded
procedure, indicating that they are background-like and probably a QCD fluctuation.
Each candidate has also a relatively large value for the missing transverse momentum
in the event, which is not characteristic for the signal. Consequently, the excess at high
mass is likely the result of an imperfectly modelled component of the background. For
the opposite-sign muons samples, the expected limit is a factor 5 to 10 worse due to the
irreducible background from Drell-Yan processes, in agreement with expectations.

To set upper limits on the coupling, the results of Fig. 5 are scaled by

10

Figure 6: Observed upper limit on the mixing parameter |VµN |2 between a heavy neutrino and
a muon neutrino in the mass range 5� 50GeV/c2 for same-sign and opposite-sign muons in the
final states with and without lifetime correction.

B(N ! µ jet) = 0.51, computed as described in Section 1 assuming |VeN |2 = |V⌧N |2 = 0.
For the 5GeV/c2 heavy-neutrino mass hypothesis, at the limit set, the heavy neutrino is
expected to be long-lived with a lifetime of 3.8 ps and 1.1 ps for same- and opposite-sign
muons in the final states, respectively. Since this search targets prompt heavy neutrinos,
the acceptance is corrected accordingly. The constraints on the coupling as a function of
mass for the opposite- and same-sign muons final state, with and without the acceptance
correction factor applied, are illustrated in Fig. 6.

5 Conclusion

A search for a prompt heavy neutrino in the decay N ! µ jet is performed using data
from proton-proton collisions recorded by the LHCb experiment, corresponding to a
total integrated luminosity of 3 fb�1. No evidence for heavy neutrinos is observed and
limits of the order of 10�4 and 10�3 are set as a function of heavy-neutrino mass for
lepton-number-conserving and lepton-number-violating decays, respectively. An upwards
fluctuation is present in the lepton-number-violating case, which is likely ascribable to an
imperfectly modelled component of the background. These represent the first limits on the
coupling to a heavy neutrino in the mass range 5-50GeV/c2 at LHCb. For the first time the
signature of two muons and a low mass jet has been probed for heavy neutrinos with mass
lower than 20GeV/c2. Furthermore, this is the first limit on lepton-number-conserving
decays of a prompt heavy neutrino in the mass range of interest. The observed limits on
lepton-number-violating decays are not yet competitive with the existing limits [4, 18, 19].
With an integrated luminosity of 50 fb�1, a better sensitivity than the current most
stringent limit could be reached for the same-sign muons channel. While this analysis
targets prompt heavy-neutrino decays, better sensitivity for low heavy-neutrino masses
can be achieved by including long-lived signatures.

11
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High mass Type-III seesaw heavy leptons

Search for type-III seesaw heavy leptons in leptonic final states in pp collisions at √s=13 TeV with the 
ATLAS detector

arXiv:2202.02039 (ATLAS)
Inclusive nonresonant multilepton probes of new phenomena at √s= 13 TeV

arXiv:2202.08676 (CMS)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2020-02/
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-21-002/
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• Dominant backgrounds extracted from data (CRs)
• 2 same flavour lepton SR

• Dominant backgrounds
• DY
• ttbar

• 3 or 4 lepton SR
• Dominant backgrounds

• Rare top (3t, 4t, tt+W/H/Z)
• Diboson
• Fake non-prompt leptons

• Some analyses use Validation Regions (VR) too

Backgrounds to High Mass Searches SR: signal region
CR: control region
VR: validation region
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• ≥ 1 extra fermionic SU(2)L triplet field coupled to EW gauge bosons
• EWK production of heavy Dirac charged leptons (L±,𝛴±) & heavy neutrino (N0,𝛴0) 

• High masses (above W,Z)
• Masses assumed to be degenerate (EW corrections expected <~200 MeV)
• Prompt decay
• 3 production modes, 9 boson & SM lepton decay combinations: 27 distinct modes

Seesaw Models: Type-III
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ATLAS
• Target ‘democratic scenario’

• BR equal for each lepton flavour Be = B𝜇 = B𝜏 = 1/3
• BR to boson type: 2BH ≃ 2BZ ≃ BW = 1/2

• Topologies considered: 3 or 4 L +jets
• Multiple regions each targeting one decay mode

• Extra CRs to constrain the backgrounds
• SR Discriminants 

• 3L: 3l transverse mass
• 4L: HT+ET

miss

Analysis Strategy CMS
• 3 models: Type-III seesaw, vector-like leptons, scalar 

Leptoquarks
• 7 channels: 4L, 3L1𝜏h, 3L, 2L2𝜏h, 2L1𝜏h, 1L3𝜏h, 1L2𝜏h L= 

e, 𝜇
• Classify into SR, CR using event kinematics

• 257 bins for each year
CMS BDT 
• Trained using all SR events
• ≤ 48 input variables 
• 3 mass ranges and 3 years trained separately
• 2 trainings: Flavour-democratic, 100% to tau
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• ATLAS: Combine with 2lepton analysis limits
• Exclude type-III seesaw heavy leptons in democratic scenario 

• CMS: < 980 GeV @ 95%CL
• ATLAS: < 910 GeV @ 95%CL

• CMS: also scan BRs

ATLAS & CMS - Limits
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Majorana Neutrinos & Weinberg operator in VBF

Probing Majorana neutrinos and the Weinberg operator in the same-charge dimuon channel through 
vector boson fusion processes in proton-proton collisions at √s= 13 TeV

CMS-PAS-EXO-21-003 ((CMS)

preliminary
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• First time probing in VBF!
• Less sensitive to mN than t-channel
• Complement searches at TeV scale

• 2 models

• Common selection
• 2 same charge muons: Single & di-muon triggers
• 2 jets: Large rapidity separation, Large dijet mass

Analysis Strategy

Heavy Majorana neutrino
Only 1 heavy state
Scan mass range with mixing (U𝜇 ) fixed to 1
𝜎 ∝ Ul

2 Ul’
2

Signal more back to back than background
𝛥𝜙>2

Weinberg operator process
Set C5

ll’ =1 and 𝛬=200 TeV
𝜎 ∝ |C5

ll’ / 𝛬|2

No neutrinos 
pT

miss < 50 GeV



19

Heavy Majorana neutrino
• 23.3 TeV @ |U𝜇| = 1
Weinberg operator process
• First ever limits
• Effective 𝜇𝜇 mass upper limit

• m𝜇𝜇 = 10.84 GeV

Results

Heavy Majorana Weinberg operator

HT: sum all jets > 30 GeV
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Heavy Composite Majorana Neutrino
(CMS)

Search for a heavy composite Majorana neutrino
CMS-PAS-EXO-20-011 (CMS)

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-20-011/index.html
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• Leptons & quarks have sub-structure
• Made of ‘preons’

• Manifest at compositeness scale 𝛬
• Results in 

• Excited states of quarks and leptons (scales ≤ 𝛬)
• Dim 5 operators

• Effective interactions between SM fermions and excited states via gauge 
and/or contact interactions
• Dim 6 operators

• Heavy Majorana neutrino (Nl)
• Particular case of excited state
• Heavy: above EW scale

• Produce Nl with l±

• Decay considered: l± + 2q

Composite Model

1. Introduction 1

1 Introduction
The standard model (SM) is an extremely successful theory that is able to reproduce with great
accuracy the experimental results obtained to date. Nevertheless, there are several fundamental
aspects of particle phenomenology that lack a complete, or even partial, explanation within
the SM. One of these is the mass hierarchy of fermions and the replication of the so-called
fundamental particles, for which a possible solution has been offered by composite-fermion
models ([1–10]).

In the composite-fermion scenario, quarks and leptons are assumed to have an internal sub-
structure that should manifest itself at some sufficiently high energy scale, the compositeness
scale L. Such a scale plays the role of an expansion parameter with which a series of higher-
dimensional operators are constructed in an effective field theory (EFT) fashion. Ordinary
fermions are considered as bound states of some not yet observed fundamental constituents
generically referred to as preons. Two model-independent properties [11–14] are experimen-
tally relevant. First, the existence of excited states of quarks and leptons with masses lower than
or equal to L; second, effective interactions between ordinary fermions and excited states that
may proceed via gauge or contact interactions. The former involve both fermion and gauge bo-
son fields, and, at the lowest order in the EFT expansion, they are described by dimension-five
operators. Conversely, contact interactions involve only fermion fields, and the corresponding
operators are of dimension six.

A particular case of such excited states is a heavy composite Majorana neutrino (HCMN, N`,
` = e, µ, t) [15–18]. Here, heavy stands for a mass scale beyond the electroweak energy scale.
Such an option is especially welcome in connection to a possible explanation of the baryon
asymmetry in the universe. Indeed, in the framework of baryogenesis via leptogenesis [19],
heavy Majorana fermions are the source of the matter-antimatter asymmetry, and composite
Majorana neutrinos have been shown to successfully account for it [20, 21]. At the same time,
hypothetical composite Majorana neutrinos would lead to observable effects in neutrinoless
double beta decay experiments [18, 22].

To work in a quite general setting, we consider the composite neutrino model as given in
Ref. [23], where the heavy Majorana fermion interacts via both gauge (GI) and contact (CI)
interactions. The effective Lagrangian responsible for the production at the LHC and decay of
the composite heavy neutrino reads, respectively:

LGI =
g fp
2L

N̄sµn(∂µWn)PL`+ h.c. , (1)

LCI =
g2
⇤ h

L2 q̄0gµPLq N̄gµPL`+ h.c. , (2)

where PL is the left-hand chirality projection operator, g is the SU(2)L gauge coupling, and g2
⇤ =

4p is the effective coupling for contact interactions. The factors f and h are additional couplings
of the composite model; they are taken here to be unity, a choice that is commonly adopted in
phenomenological studies and experimental analyses of composite-fermion models. The total
amplitude for the production process is given by the coherent sum of the gauge and contact
contributions, as shown in Fig. 1, as well as for the decay modes in Fig. 2. The production cross
section via contact interaction is dominant for a wide range of L values, including the ones to
which we are sensitive in this search.

In this work, we consider a composite neutrino, produced in association with a lepton, that de-
cays via channels that lead to the final experimental signature ``0qq 0. The quarks are detected
as jets, and we focus on the cases in which ` is either an electron or a muon. For our analysis,
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• 2 High pT lepton (e,𝜇)
• Single lepton trigger
• Ignore charge
• mll > 300 GeV

• 2 quarks:  ≥1 Large R (0.8) jet
• Discriminant: mllJ

Analysis Strategy & Results

fraction of signal-model phase space satisfying 
EFT approximation unitarity condition

• Cross section limits then interpreted as 
(mNl,𝛬) limits
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Left-Right Symmetric Model
Z’ ➔N+N & WR➔ N+l

Search for Z' bosons decaying to pairs of heavy Majorana neutrinos in proton-proton collisions 
at √s= 13 TeV

CMS-PAS-EXO-20-006 (CMS)
Search for a right-handed W boson and a heavy neutrino in proton-proton collisions at √s= 13 TeV

arXiv:2112.03949 (CMS)

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-20-006/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-20-002/index.html
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• Symmetry between L and R SU(2) groups
• New gauge bosons (WR

±, Z’) & 3 RH neutrinos (N)
• Search for both together!

• Exclusion bounds in (mN, mZ’/WR) plane
• Z’ ➔N+N Benchmark model 

• Heavy N is Majorana
• 2 SF leptons + ≥ 2 jets (R=0.4 or 0.8)

• WR➔ N+l Benchmark model 
• Symmetric model: gR= gL (i.e. same as SM W)
• 2 SF leptons + 2 quarks

Left-Right symmetric model (LRSM)
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Z’ ➔ Nl+Nl

• Analysis designed to recover region where mN<<MZ’
• 3 SRs: number of leptons, small and large R jets

• Diphoton or single muon trigger
• Reconstruct HNL and Z’ system
• Background reduction 

• Mz’>300 GeV, mN>80 GeV
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• 2 SF leptons (ee or 𝜇𝜇)
• Single e, single photon or single muon trigger

• 2 SRs
• Resolved: ≥ 2 small R jets (R=0.4)
• Boosted: 1 large R jets

• Increased sensitivity for mN<0.5 TeV
• Largest deviation : Resolved @ mWR = 6 TeV, mN=0.8 TeV

• Local Significance: 2.95𝜎, global (e only) 2.78𝜎

WR➔ N+l: Analysis Strategy
Resolved
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• Lots of ways of looking for HNLs
• Displaced vertices
• In VBF
• Assuming compositness
• Together with new gauge bosons (WR, Z’)

• Covering wide mass range from GeV to TeV scale
• No significant excesses found

• Many analyses stats limited and/or use data driven backgrounds
• More data will help!!!
• ATLAS: Large Radius Tracking being run by default will help displaced HNL
• LHC still has a lot more to say about HNLS

• Future experiments too (e.g. arXiv:2203.08039 )

Conclusions

Source: symmetry magazine

https://arxiv.org/abs/2203.08039
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Backup Slides
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• Neutrino experiments
• Super-Kamiokande

• arxiv:1911.09129

• IceCube Projections
• arxiv:1707.08573

Other Approaches to light HNL

https://arxiv.org/pdf/1911.09129.pdf
https://arxiv.org/abs/1707.08573
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Object Reconstruction: Prompt and Displaced

Displaced Vertex (DV): Common origin point 
for tracks that is displaced with respect to PV
Requires special displaced track and displaced 
vertex reconstruction

More on other ‘displaced vertex searches’ in next session (BSM2) by L. Henry

Need one of these for triggering
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ATLAS - Main Backgrounds
Dedicated selection for non-random backgrounds:
• Material interactions

• Material veto for ee DVs
• metastable decays (J/𝝍, B-hadrons,..) 

• DV mass (𝑚$%) and radius (𝑟$%) cuts
• cosmic muons 

• Remove back-to-back tracks
• Z -> ll

• Mass veto for SF OS pairs

Random track crossing:
• Dominates
• Estimated from data

• VR without prompt lepton -> DV sample
• Shuffle with prompt leptons from SR

• Checked using SS vs OS in VR
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ATLAS HNL DV: Random background validation
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ATLAS                Work in Progress
-1 = 13 TeV, 139 fbs

Validation Region
 DVsµe Good agreement between vertices 

with two charged leptons with the 
opposite-sign (OS) and same-sign 
(SS) indicates random crossings 
are the dominant background.
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Brandeis Seminar —  Feb. 9 2022Dominique Trischuk 
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•Object shuffling method is used to estimate the 
background from random lepton crossings 

•Basic idea: 
‣Take a prompt lepton from event with SS DV in signal region (SR)
‣  Mix randomly with OS DVs from validation region (VR)  

•Significantly increases the available statistics (~x2,000) 

•Dominant shape uncertainty from comparing SS and OS 
vertices 

SR VR
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CMS displaced selection + B veto

9

satisfy cos q(SV, `2`3) > 0.99.

The quality of the reconstructed SV necessarily correlates with the precision on the track param-
eters of `2 and `3, as well as the spatial separation between their trajectories at the intersection
point. The SV quality is estimated as a probability pSV based on the c2 fit from the kinematic
vertex fitter. A loose requirement of pSV > 0.001 is applied to remove events that are clearly not
compatible with a reconstructed SV. Additionally, we calculate the significance S(D2D), which
is defined as the ratio of the transverse PV-SV distance D2D and its uncertainty. From simulated
event samples, it is found that the distribution of S(D2D) in signal events is approximately
constant for a wide range of mass and coupling values, while background processes typically
result in small values of S(D2D). Thus, a tight requirement of S(D2D) > 20 is applied to increase
the signal-over-background ratio in the signal selection.

In the kinematic region of interest there are several background contributions arising from SM
processes that include distinct resonances in the dilepton invariant mass spectrum. Events
with an OSSF (`2,`3) pair are removed when D2D < 1.5 cm and the invariant mass m(`2`3)
is consistent with the mass of the w , f, J/y, or y(2S) mesons. The contribution from these
processes to the larger displacement region is negligible. In the case where `1 forms an OSSF
pair with one of `2 or `3, we remove events if the invariant mass of that pair is consistent
with either the mass of one of the resonances mentioned above, or with one of the higher-mass
resonances U(1S), U(2S), U(3S), and Z.

Table 1: Baseline selection criteria (left) and dilepton invariant mass vetoes (right) applied in
the analysis. The width of the vetoed range for the meson resonances reflects the experimental
resolution of the dilepton invariant mass reconstruction.

Selection criteria
DR(`2, `3) < 1
|Df(`1, `2/3)| > 1
m(`1`2`3) 2 [50,80] GeV
number of b jets = 0
pT(`2`3) > 15 GeV
cos q(SV, `2`3) > 0.99
pSV > 0.001
S(D2D) > 20
m(``) /2 vetoed ranges

Resonance Vetoed range (GeV)
w 0.78 ± 0.08
f 1.02 ± 0.08

J/y 3.10 ± 0.08
y(2S) 3.69 ± 0.08
U(1S) 9.46 ± 0.08
U(2S) 10.02 ± 0.08
U(3S) 10.36 ± 0.08

Z 91.2 ± 10.0

The requirements introduced above represent the baseline selection applied in the analysis and
are summarized in Table 1. The selection efficiency for signal events is strongly dependent
on the HNL mass and mixing parameters, as well as on the selected final state. The average
product of acceptance and efficiency is approximately 0.1% for mN = 2 GeV and |VN` |

2 =

8 ⇥ 10-5, and close to 2% for mN = 12 GeV and |VN` |
2 = 10-6.

In regions of large displacement, the sensitivity of the analysis greatly benefits from small con-
tributions from the displaced lepton background and from the absence of prompt lepton back-
ground contributions. In contrast, signal events corresponding to smaller values of tN populate
regions of smaller displacement, where both the prompt and displaced lepton contributions are
still significant. No explicit selection is applied on the SV displacement in order for this search
to be sensitive to the full range of tN values that we consider. The sensitivity of the present
search is optimized in bins of the HNL displacement and m(`2`3).
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HNL ATLAS: improvements over previous
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ATLAS vs CMS Comparison (single flavour only)

2 4 6 8 10 12 14 16 18 20

 (GeV)Nm

7−10

6−
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2 |
µ

N
|V

Observed

Median expected
68% expected
95% expected
DELPHI prompt
DELPHI displaced
CMS 3l prompt (2016)

CMS

 (13 TeV)
1−

138 fb

Dirac

CMS
• No low mass cut-off

• Able to model b-hadrons
• Continuous result prompt->displaced

• Access higher masses and couplings
ATLAS
• Limited by large radius tracking filter (~10% events)
• Run 3 (and Run 2 reprocessed) data fixes this!

Comparable reach @ Low coupling
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OLD vs NEW
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Type III SeeSaw (ATLAS): 3l + 4l Regions

3l
4l
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Composite Results

fraction of signal-model phase space satisfying 
EFT approximation unitarity condition
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Z’-> NlNl: Analysis Strategy
SR1

2 leptons
0 large R jets
≥4 small R jets

HNL reco
Each1 lep & 2 small jets
Minimise mass diff between 2

SR2
≥1 lepton
1 large R jet
≥2 small R jets

HNL reco
if 1 lep

lep & leading 2 small R
large R as proxy to other HNL

if 2 lep
large R  & closest lep
other lep & leading 2 small R

SR3
≥ 2 large R jets

HNL reco
if 0 lep

2 large R 
if 1 lep

large R  & closest lep
other large R

if 2 lep
leading large R & closest lep
other large R & other lep

Diphoton or single muon trigger
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• Trained using all events passing SR
• 1 for each year of data
• ≤ 48 input variables
• 3 mass ranges trained separately
• Seesaw, leptoquark and VLLepton hypotheses trained 

separately
• Type-III seesaw: 2 trainings

• Flavour-democratic
• 100% to tau

CMS - BDT
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• Fit together all SRs and CRs
• No excesses found

WR Results

Boosted


