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Neutrino Oscillations
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> All neutrinos oscillate neutrinos
> Require small masses

> Why small and why no
right-handed neutrinos?




Neutrino Mass

> How do neutrinos get masses?
> Electron get its mass with Yukawa interaction

(left-handed electron becomes right-handed electron
after interaction )

> Where is right-handed neutrino? 35,9137 " (13 TeV)

CMS Preliminary
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Heavy Neutrinos

> Why can’t we see vg ?

Dira e neutrino, v
- Higgs awa coupling is very small ( 1072) \

Heavy Majorana-type neutrino, vy
(as a virtual particle at low energy )
(SeeSaw Mechanism)




Neutrino: Physics Beyond SM

> A natural way to generate LNV and neutrino mass
Int effective operators to the SM

anism (type |, I, 1ll)
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m(v,)~M (heavy)

m(v,)~ mlz) / M (very small)



Neutrino: Physics Beyond SM

» Physics behind the Seesaw?
» Left-Right Symmetry model (LRSM)
offers the Seesaw scale and heavy dark neutrinos (HN)
Spontaneous symmetry breaking of the L-R symmetry group
Parity violation in weak interaction occurs
Extra gauge bosons (Wg, Z2’) and heavy vy

SU(Q2), ®@SU2) ®U()s,



Right-handed Neutrino?
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> Neutrino Oscillation!

> Small neutrino mass
> Right-handed neutrino?

» Origin of neutrino mass?

Heavy Neutrinos (LNV, if Majorana)
Charged Lepton Flavor Violation

N

Y

Searches for Heavy Neutrinos



Search at the Energy Frontier?

» Direct production of heavy neutrinos (N)
- Complementary program to the 0vf3

2. LRSM

 Right-handed N,

 Nj; couple to RH

1. Type-l seesaw bosons, W Zg
 Right-handed N, "

* Only mix with SM v

q9

3. Type-lll seesaw
« atleasttwo
SU(2), triplets
(29, =*-) couple to
SM gauge bosons
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[Deppisch, BD, Pilaftsis (NJP '15)] 1x (GeV)

. my< 500 MeV: K=>uN
.« my< 2 GeV: N =3 ur, uk (NuTeV, NAG2)
« my<5GeV: DB > uur (Belle, LHCb, SHiP)



N, searches
(electron channel)

[Deppisch, BD, Pilaftsis (NJP °
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Hadron Collider!
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Type-I N,search at LHC

Phys. Rev. D 103, 055005

13 TeV LHC

103 104

Heavy Neutrino Mass, m,;, [GeV]

> Three major production channels
> Netrino-less double beta decay, mN> 1 TeV



Search Strategy
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HNL Lifetime (7):
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Smaller HNL mass and
smaller mixing leads to
longer HNL life!
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Long Lived HNL
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Type-/ N, search in dilepton

> Ng from20 GeV to TeV
= 2 same-sign hi-pt leptons | prompt
(LNV only) )

= 2jets or 1 boosted jet

(collinear)

) ) 2 jets from
= Flavor combinations

W decay

efes, UL,
",H."

» Different search strategy
for low mass (my < my)

and high mass (my > my,)
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SS Dimuon + 2

o

observed In the CMS detect

DoubleMuon, periodC, Mon Jul 4 14:42:16 2016 KST Py event
(Run, Lumi, Event) = (276283, 692, 1252562683)

Muon 1 (pr = 196.6 GeV)

(n, ®) = (-1.03, 0.07)
Jet1 (E=5432GeV) . m(lljj) = 525.7 GeV

(N, @) = (-1.71,-2.12)

Jet 2 (E =578 GeV) ekl
(N, @) = (-137,-2.73)

Ay

Muon 2 (pr =70.7 GeV)
(n, @) = (-0.54,-1.28)
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Backgrounds: ee/uu/eu+2 jets

SM prompt lepton;
MC
dibosons(VV), tt+V

Charge-flip: “data+MC”
Z(I)+2jets
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SR1: W: 2 jet

CMS Results at 13 TeV
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> LHC provides the best direct limits
on |Ven|?, [Vnl?, & [Ven™V nl for high my
= CMS limits down to 20 GeV,
and up to 1.2 TeV
= Lepton flavor mixing case by CMS
2016 data only




=" Trilepton (long-lived) at CMS

One prompt lepton («) + two displaced leptons (¢2, &)
Search region: 1 GeV < mn < 20 GeV

Small opening angle between 2 and ¢

Large angular separations between ¢ and ¢, ¢

Use A2po : transverse position of 2, i3 vertex
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Very heavy mass, N

> Neutrino-less double beta decay channel (WW)

10 10° 10*
Heavy Neutrino Mass, m,, [GeV]

Very effective at high mass

my> 1 TeV

PRL 131 (2023) 011803

dimuon only

SSWW (PRL 138 fb™! (13 TeV)

7

895% CL upper limit

— Observed

=== Expacted

N 58% expectad
95% expected

__ GMS same-sign dilepton
JHEP 01{2013)122
CMS trilepton

77 PRL 120(2018)221801
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Very heavy mass, N

> Neutrino-less double beta decay channel (WW)

q/
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Searches in LRSM

Same Final state as type-|
But different kinematics

For my<<my, jets and lepton from N decays overlap
- requirement of lepton isolation will kill signal

- use boosted jet to resolve lepton and jet

Signal topology: resolved and boosted

Resolved Boosted Wi

22



Interesting
Run 1 results from CMS

pp channel ee channel

19.7 fb' (8 TeV)
¢+ Data (2042)
7] ft(1382)
[ | DY+Jets (549)
[[] Other (133)
——— My, =25TeV (35)
My, = 2.5 TeV unbinned

19.7 ™ (8 TeV)

« Data (1717)
777t (1147)

2

LS55 DY *Jets (475)
Other (151)
My, = 2.5TeV (29)
My, = 2.5 TeV unbinned

Events/ 0.2 TeV
2

(Events / 0.2 TeV)

All Systematc Uncertaintes
- No Shape Uncertainty

EPJ C74 (2014) 3149

> A local significance, 2.8c effect
» Consistency with the LRSM?
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N, searches in LRSM

> Searches are done in CC and NC
> Resolved and boosted cases

> Use AK4 (anti-kt with R=0.4) jets and AK8

Charged Current
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Neutral Current
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Events / bin

Search results for A,
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LRSM results for N,

138 i (13 Tel) 132 it (13 TeV)
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Exclusion limits are improved

Expected (observed) lower limit at 95% CL
mN=200 GeV : 5.0 (4.6) TeV in ee and 5.3 (5.4) TeV in uu
MN=mWRr/2:5.2 (4.7) TeVin ee and 5.2 (5.0) TeV in pu
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Search for 22 NN,

» Search for heavy N in pair productions of HN
» Signature: dilepton + 4 jets

Neutral Current Charged Current

> Search signatures depending on m(Z’) and m(N)
A lepton + two jets can be merged.
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Looking for Signals

JHEP 11 (2023) 181
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Z’n are excluded up to ~ 4 TeV

Searches results in LRSM (NC)

138 7 (13 TeV)

———— Combined [sxp.) CMS -

Combined (sxp. + 5.4 pp channel ____.+".'.
Comibinad [oba.)
SR [oba)

— 5R2(oba)

SR3 [oba))

= >
m,, =m./2

.*.

3000 4000 5000
m.. (GeV)
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sSummary

> Neutrino oscillations attracts many interesting
searches at the LHC: the origin of neutrino mass

Searches for heavy neutrinos provide a direct
guide for the origin of neutrino mass
( various Seesaw models, and LRSM etc)
» CMS has searched for heavy neutrinos
but with no excess seen in data
Upper limits are set on |V |2
Exclusion on W mass up to 5.4 TeV
> Now we have accumulated ~500 fb-1.
> Searches will continue... and a great potential
for discovery with HL-LHC data (3000 fb-1)
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