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✓The Standard Model (SM) neutrinos (ν) were assumed to be massless


✓It is now well known that neutrinos have mass due to the discovery of neutrino 
oscillations and this could be the hint for physics beyond SM


✓One plausible answer for these questions would be …

• What is the origin of neutrino masses?

• Does the right-handed (RH) neutrino exist?

• How can baryogenesis be explained?


And more …

Introduction
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✓Seesaw Model : natural way to generate neutrino masses


✓Open up dim 5 operator in tree level : fermion singlet, scalar triplet, fermion triplet


✓Smallness of neutrino masses can be explained by existence of N


✓Mechanism of neutrino mass generation in Left-Right Symmetric Model (LRSM) is 
introduced via Seesaw Model after electroweak spontaneous symmetry breaking


✓Inverse Seesaw Model, Zee-Babu Model, Scotogenic Model, and more …
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Some of the heavy neutrino searches are done along with leptoquark (LQ) or 
some other models due to its common final states, but this talk will strictly 
stick to the searches for N only covering 8 and 13 TeV studies from CMS

Type-I : fermion singlet Type-II : scalar triplet Type-III : fermion triplet
dim 5 operator

* N : heavy right-handed neutrinos

mν = y
v2

mN
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Compact Muon Solenoid
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Outline
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8 TeV Searches

13 TeV Searches

Type-I Seesaw Model 
Left-Right Symmetric Model

Composite Model 
Type-I & III Seesaw Model 
Left-Right Symmetric Model
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Type I Seesaw Model

✓Simplest model : N with no new interactions

✓N mixes with SM neutrinos via mixing angle VℓN


✓If Majorana N, lepton number violation is possible

✓Same-sign (SS) signals have advantage over opposite-sign (OS) 
signals due to significantly low backgrounds


✓Limits set on |VℓN|2 and cross section
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Event Selection 
• 2 leptons (ℓ) : μμ, ee, eμ 

• same-sign pair 
• pT(ℓ1,ℓ2)>25,15 GeV 

• at least 2 jets (j) with pT(j)>20 GeV 
• different cuts on MET, m(jj), m(ℓjj), and m(ℓℓjj)

Major Backgrounds 
• prompt : WZ, ZZ 
• nonprompt : Wjets, QCD 
• charge-mismeasured (only for ee)
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8 TeV
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✓Used full 8 TeV run data


✓No excess above SM prediction


✓Limits set up to m(N)=500 GeV


✓First to set direct limits on |VeNVμN*|
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Left-Right Symmetric Model

✓SU(2)R added to SM, predicts 3 new gauge bosons 
(WR± and Z’) along with 3 heavy right-handed partners 
of SM neutrinos

✓Different kinematics from Type-I Seesaw Model


✓2D (m(WR), m(N)) limits set on cross section

✓13 TeV results are in backup slides
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Event Selection 
• 2 leptons : μμ, ee 

• no charge requirements, high pT 
• at least 2 jets with pT(j)>40 GeV 
• m(ℓℓ)>200 GeV, m(ℓℓjj)>600 GeV

Major Backgrounds 
• prompt : DYjets, 
• nonprompt contributions negligible

8 TeV

tt̄
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✓Used full 8 TeV run data


✓2.8σ excess at m(eejj)~2 TeV


✓2.5σ excess also seen from Leptoquark 
analysis but only in e channel (eejj, eνjj)


✓SS analysis from ATLAS : no excess

�10Eur.Phys.J.C74(2014)3149
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✓Used full 8 TeV run data


✓2.8σ excess at m(eejj)~2 TeV


✓2.5σ excess also seen from Leptoquark 
analysis but only in e channel (eejj, eνjj)


✓SS analysis from ATLAS : no excess

�11Eur.Phys.J.C74(2014)3149
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Composite Model

✓Fermions are bound states of “preons” which can 
manifest itself at some compositeness scale Λ

✓Heavy composite Majorana neutrino (excited state 
of fermions) and contact interaction (unknown internal 
dynamics from compositeness) are expected

✓Composite model is able to explain

✓Why only ee channel showed excess above SM at 8 TeV

✓Excited μ state is heavier than excited e state

✓Why only CMS (OS+SS) saw excess while ATLAS (SS) could not

✓Answers in backup slides 

✓Limits set on cross section, compositeness scale
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13 TeV
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✓Use large-radius (AK8) jet (J) unlike previous ℓℓqq 
channel searches considering 2 separated (AK4) jets

✓Effective for gauge boson mediated decay where W is boosted 
(radius is large enough to contain merged pair of partons from W)
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gauge contact

Event Selection 
• 2 leptons : μμ, ee 

• no charge requirements, high pT 
• pT(J)>190 GeV 
• m(ℓℓ)>300 GeV

Major Backgrounds 
• prompt : DYjets,     , single t 
• other nonprompt contributions negligible

tt̄
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✓Used 2015 13 TeV run data


✓No excess above SM prediction


✓m(N)=Λ : excluded up to 4.6 TeV


✓First to utilise large-radius jet signature in 
searches for heavy neutrino

�15Phys.Lett.B775(2017)315
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Type I Seesaw Model : 2 leptons

✓Photon-induced (VBF) processes as signals which 
gives higher cross sections for high mass N

✓Added single jet signal regions, unlike using only 2 
jet events, implementing ideas from composite model
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photon-induced processes

Signal Regions 
• low N mass SR1 : 2 SS leptons + 2 jets 
• low N mass SR2 : 2 SS leptons + 1 jet 

• absence of secondary jet due to pT cut 
• high N mass SR1 : 2 SS leptons + 2 jets 
• high N mass SR2 : 2 SS leptons + 1 large jet 

• merged partons from boosted W

13 TeV
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✓Used 2016 13 TeV run data


✓No excess above SM prediction


✓Limits set up to m(N)=1200 GeV


✓N production from photon-induced (VBF) 
channel and signal regions using single jet 
events updated from 8 TeV analysis

�17JHEP01(2019)122
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Type I Seesaw Model : 3 leptons

✓3 leptons channel : W from N decaying leptonically

✓Smaller branching fraction compared to 2 leptons channel

✓Advantage for low mass N : lower pT cuts for leptons than jets


✓Assume that N mixes with only one flavour

✓Probe |VμN|2 : use μμμ and μμe events assuming |VeN|2 = 0

✓Probe |VeN|2 : use μee and eee events assuming |VμN|2 = 0
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Event Selection 
• 3 leptons : μμμ, μμe, μee, eee 

• charge sum=±1 
• pT(ℓ1,ℓ2,ℓ3)>15,10,5 GeV 

• |m(OSSF ℓℓ, ℓℓℓ)-91|>15 GeV 
• multiple signal regions : 33 categories 

• OSSF, pT(ℓ1), m(OS ℓℓ), m(ℓℓℓ), mT(ℓ,MET)

Major Backgrounds 
• WZ, Vγ, ZZ, nonprompt backgrounds 

depending on the signal region

13 TeV
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✓Used 2016 13 TeV run data


✓No excess above SM prediction


✓Limits set up to m(N)=1100 GeV


✓First to search for N in 3 leptons channel, 
and for low masses (m(N)<40 GeV) at LHC

�19Phys.Rev.Lett.120,221801(2018)
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Left-Right Symmetric Model : ττ

✓2 searches for N in LRSM with ττ final states


✓τ decay always involve ν : intrinsic MET inevitable

✓Use ST or mT as discriminating variables against SM

�20

Event Selection 
• 2 leptons : eτ, μτ, and ττ (τ : hadronic) 

• OS for eτ, μτ, no requirement for ττ 
• high pT leptons and τs 

• at least 2 jets with pT(j)>50 GeV 
• MET>50 GeV, cuts on m(τj) or m(ττ)

τℓτh channel τhτh channel
High misidentification rate of τh from jets mT is larger than when there is τℓ (τ➝ℓνν)

Clear triggering of events by requiring a lepton Larger branching fraction of τ decaying hadronically

Major Backgrounds 
• nonprompt, DYjets for ττ 
•     , single top for eτ, μτ

13 TeV

tt̄
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✓Used 2015 or 2016 13 TeV run data


✓No excess above SM prediction


✓m(N)=m(WR)/2 : excluded up to 1.45 GeV


✓τhτh : first search for N with τ τ final state

�21
JHEP07(2017)121 
JHEP03(2017)077
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Type-III Seesaw Model

✓Masses of SM neutrino arise from the mediation of 
new massive fermions, SU(2) triplet of Dirac charged 
leptons Σ± and heavy Majorana neutral lepton Σ0

✓Σ can decay to W, Z, and H bosons

✓27 different productions and decay processes from Σ0Σ±, Σ±Σ∓

✓e.g. Σ+Σ0➝W+νW+ℓ-➝ℓ+ννℓ+νℓ- : signals with multiple leptons
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Event Selection 
• at least 3 leptons 

• charge sum=±1 or 0 
• pT(ℓ1,ℓ2,ℓ3(,ℓ4))>26,10,10(,10) GeV 

• |m(OSSF ℓℓ, ℓℓℓ) - 91|>15 GeV 
• multiple signal regions : 40 categories 

• Ν(ℓ), OSSF, m(OSSF ℓℓ), MET, ST or MT

Major Backgrounds 
• WZ, Vγ, ZZ, ttV, nonprompt backgrounds 

depending on the signal region

13 TeV
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✓Used full 13 TeV run data


✓No excess above SM prediction


✓Excluded up to m(Σ)=880 GeV


✓Not yet published in journal

�23CMS-PAS-EXO-19-002
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Summary

✓Discovery of neutrino oscillation motivated many interesting searches at LHC 
✓Are neutrinos Dirac or Majorana particles?


✓What is the mechanism that neutrinos obtain mass?


✓Various models for neutrino searches have been tested at CMS 

✓More searches to come with new features using full 13 TeV run data from CMS 
✓Type-I Seesaw Model : N from pure VBF, long-lived N


✓Left-Right Symmetric Model : boosted N from WR, pair production of N from Z’
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Composite Model : excluded up to m(N)=4.6 TeV for m(N)=Λ 
Type-I Seesaw Model 
• 2 leptons : limits on |VℓN|2 set up to m(N)=1200 GeV 
• 3 leptons : limits on |VℓN|2 set down to m(N)=1 GeV 
Type-III Seesaw Model : excluded up to 880 GeV for flavour democratic case 
Left-Right Symmetric Model 
• ττ : excluded up to m(N)=1.45 TeV for m(N)=m(WR)/2 
• ee/μμ : excluded up to m(N)=2.2 TeV for m(N)=m(WR)/2 (backup slides)

Up to date results from CMS
neutrino oscillation

BSM physics



Backup
Slides
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Composite Model
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Composite Model
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✓Predominance of excess from OS on SS

✓Processes giving OS from pp➝e+L--➝ e+e-jj

✓Additional neutrino with similar but slightly different mass makes 
interference between the 2 states and depresses SS 
(arXiv:1508.02277, arXiv:1509.05387)
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Type-I Seesaw Model : 2 leptons
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Type-I Seesaw Model : 3 leptons
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Left-Right Symmetric Model : ττ
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Left-Right Symmetric Model : ττ
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Left-Right Symmetric Model : ee/μμ
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Left-Right Symmetric Model : ee/μμ

✓Same approach as 8 TeV analysis

�33JHEP05(2018)148

13 TeV
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Type III Seesaw Model
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