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OutlineOutline

● Searches for right-handed neutrinos

● Brief overview on  collider bounds

● A search channel from g g → h j and semileptonic h decays
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Why RH neutrinos & where to lookWhy RH neutrinos & where to look

● Understanding neutrino 

masses: heavy Majarona 

fermion(s) for see-saw 

mechanism

● Cosmology: Relativistic 

species (Neff), reheat, dark 

matter, etc.

● EW theories: Extended 

symmetry requirements

● Indirect search cosmic ray 

signals

● Correction to W, Z 

properties (EWPD)

● Weakly(and strongly?) 

produced at collider

● Associated production with 

(model dependent) other 

BSM partners 
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`Common’ see-saw features in RH Neutrinos`Common’ see-saw features in RH Neutrinos

● See-saw:  A finite Majorana RH neutrino mass

● RH neutrino talks to SM via Yukawa (Dirac mass) terms

● Leads to a (small) mixing into SM neutrinos, hence W, Z, 

couplings, etc.

● Identify with “economical” SM extensions with fermion(s)

(Type-I) see-saw

Minkowski (1977)  Yanagida(1979)
Gell-Mann, Ramond, & Slansky (1979) 
Glashow (1980)
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How to produce a RH neutrino?How to produce a RH neutrino?

● Via mixing with the SM neutrino.

● Leading channel : Drell-Yan

● Resonant W, Z, h production (for MN <MW/Z/h)

● Need significant mixing 

Drell - Yan Gluon fusion
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and a few other ways ...and a few other ways ...

N pair production suppressed 
by mixinĝ4

Vector-boson and/or lepton fusion:
need lepton and/or VB luminosity
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and a few other and a few other lessless  blessedblessed ways ... ways ...

N pair production suppressed 
by mixinĝ4
Note: Z’ are not mixing-suppressed
         but (m

Z’
/g
z’
) must be large

Vector-boson and/or lepton fusion:
need lepton and/or VB luminosity

Or maybe go a#er associated N partners instead 

e.g. SU(2) charged triplets [Type III]
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RN decays: Missing energy, or prompt decays?RN decays: Missing energy, or prompt decays?

● RH N decays weakly via its mixing into SM neutrino,

yet  its lifetime varies greatly...

Suppress production rate / decay branching fraction
N may become completely invisible at LHC

May search for other ̀associated’ particles, like
charged scalars in Type II, heavy Z’ in extra U(1), etc.

M
D

When RH N’s lifetime is very long and N becomes MET at collider, 
leadings to mono-lepton signals, but measuring its mass and 
identifying the N can be di9icult.

Type I mixing is very tiny
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NOTE: A long RH N lifetime can be NOTE: A long RH N lifetime can be 

useful in indirect searchesuseful in indirect searches

● In a 1 : 5 GeV mass range,
(Type-I) RH neutrinos can 
escapes the Sun before decaying
[with a Lorentz boost from TeV
-scale dark ma>er annihilations]

● Signal in both high-energy ⇥-ray 
& neutrinos in the Sun’s direction

● Leads to strong bounds from 
both Fermi-LAT and IceCube

R. Allahverdi, YG , B. Knockel, S. Shalgar, 
1612.03110,  PRD 95 no. 7, 075001 (2017)
       For neutrino sector’s DM, aslo see
  R. Allahverdi, S.Campbell, B.Dutta, YG
  PRD 90, no. 7, 073002 (2014)

boosted

DM
  ✗  DM

N

N

N
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Collider friendly scenario: Inverse seesawCollider friendly scenario: Inverse seesaw

● Outsource Maj. mass to an additional singlet fermion

● Larger mixing angle into RH N, but no LNV in N decay

● Can be flavor-diagonal in n-N mixing (mD terms)

R. N. Mohapatra, 1986

N

S

⇤
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A quick look at the present and future...A quick look at the present and future...

EWPD

Higgs - 2l2v

Lepton #
violation
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Drell-Yan channelsDrell-Yan channels

● pp→ l N, N→ l ln, final state: `Trilepton’ llln
● pp→n N, N→ l ln, final state: two lepton llnn
● Semileptonic N decays N→ j jn, mass reconstruct-able 

● Mediator can be on shell (resonance) for light N

MET

Can have lepton
number & flavor violation
e.g. e+e+µ-n



14

Higgs channel ( h→Higgs channel ( h→n n N→N→llllnn nn ))

Higgs mediation: 

SM Higgs width is small, sensitive to smaller mixing

     Higher resonance mass than W, Z.

8 TeV constraint

h→ llnn 
B. Dev, R.Franceschini,
R.N. Mohapatra
Phys.Rev. D86 (2012) 
093010

~3MeV
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Semileptonic Higgs channel (h→Semileptonic Higgs channel (h→n n N→N→ljjljjn n ))
● The virtual W* in N→lW* decays hadronically.

● N mass fully reconstructible

● No leptons (Higgs channel), need ISR jet for triggering

● High PT ISR transversely boosts h system – higher l, j2j3 PT 

Efficient reconstruction of W and N masses.  M
N
=100 GeV.

A. Das, YG, T.Kamon, 
1704.xxxxx
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Cuts, efficiency & signal strengthCuts, efficiency & signal strength

Trigger & ISR-j
2
j
3
 separation

ppHhj cross-section taken from
R. Boughezal, et.al.  PRL
115, no. 8, 082003 (2015), 
and  PLB 748, 5 (2015)

MG5+Pythia6+PGS4

A physical W mass

MN mass window

Remove Z bkgs
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Max. allowed pre-cut cross-sectionMax. allowed pre-cut cross-section

Noting current bounds on mixings: LHC hH2l2v, and EWPD limits

h bounds EWPD
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Max. signal cross-section with efficienciesMax. signal cross-section with efficiencies

Optimally ~ fb signal around m
N
 105-110 GeV

M
W
 window

suppressed

BR(hH ⇤N)
drops
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Backgrounds & significance...Backgrounds & significance...

~ fb signal, 0.3 pb total background
(Conversative) S/Sqrt[S+B] = 2.6(3.8) at 3000 fb-1 (for  single-flavor N) M

N
=100(110) GeV

RS

M
N

W+jets turns out to be the largest bkg, s/b H % level

Cross-sections in pb, pre-cut requires P
T
(j
1
)>100 GeV
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SummarySummary

● RH neutrino mass fully reconstructible in semileptonic 

pp→hj channel

● Best sensitivity at N mass 100-110 GeV range

● Given current EWPD & Higgs bounds, discovery potential 

in high luminosity LHC runs

● Analysis only requires n N mixing (caveats apply)

● Multiple roles of high j1 PT : for both triggering & N mass 

reconstruction
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Thanks!Thanks!
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