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Right-handed Neutrino?

b I 03 ss%CL
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> Neutrino Oscillation!

Small neutrino mass
Right-handed neutrino

Origin of neutrino mass
CLN violation

> Heavy Right-handed Neutrinos?
not observed yet, dark neutrinos?




Neutrino: Physics Beyond SM

> A natural way to generate LNV and neutrino mass
Introduce an effective operators to the SM
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> Physics behind the Seesaw? Left-Right Symmetry model (LRSM)
offers the Seesaw scale and heavy dark neutrinos (HN)

SU(2), ®SU(2); ®UD),,



Search for HN at the LHC

» Direct production of HN (N;)




N, searches for 40 years
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N, searches
(electron channel)

[Deppisch, BD, Pilaftsis (NJP °




Use the Large Hadron Collider!

CM S I LHC delivered: 266.42 fb™
| CMS recorded: 245.54 fb™

Run3: ~70/fb

~.Prévessin;L™ ‘ Q\ -

'—1..

Total integrated luminosity (fo™)

WA a2k o i ‘\% A 90 QA W2
R S I T T VARV




Type-I Nssearch 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,)




SS Dimuon + 2 j

-

observed in the CM?

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)




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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Mass (Ngr)

SR1: W: 2 jet

CMS Results at 13 TeV

3590 "' (13 TeV) 359" (13 TeV)

$259% stat +eyet. uncert. ' $25% Stat+eyst. uncert.

¢ Daa ¢ Data
[0 Prompt lepton bikgd. {1 Prompt lepton bigd.
B wisid. lepton bkgd. I rsicid. lopton bkgd.
I micmeas. sign bkgd. I mizmeas. sign bkgd.
—— m, =40 GeV, |V [:=10* —— m,, =40 GeV, |V, [=10*
----- - my, =60 GaV, |V, [*=10* 3 ---—-— m, =60 GeV, |V, =10

Low-mass 2 Low-mass
SR2

Events / bin

Aot

700 150 200 250 300 350 400 450 500 750 300 SRZ:W:lJet
m(€;Wigy) (GeV) m(&;Wey) (GeV)
3591 (13 TeV) 359 fb (13 TeV)
$23% stat+eyst. uncert.
¢ Data
[ prompt lepton bkgd. [ Prompt lepton bkgd.
B 210 tepton biga. I wisid. lepton bkgd.
-Ilunen.amqu. -Illameumglbtod
—— m, =200 GeV, |V, [*=10" —— m,, =800 GeV, |Vy =1
----- - m, =400 GeV, |V, [*=1 1 T my=1000 GeV, |Vpfi=1

855 swmt+eyst uncert.
¢ Data

Events / bin
Events / bin

High-mass : High-mass

400 600 800 1000 1200 1400 1600 1800 2000
ln(82Wjet) (GeV) m(t’ZWjet) (GeV)

No significant deviation from the SM
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35.9 b (13 TeV)

T T T L I I
CMS ’
95% CL upper limit

= Observed —— DELPHI prompt
==== Expected — L3
- 68% expected -
95% expected —— ATLAS 8 TeV
—— CMS8TeV

CMS 13 TeV trilepton
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— Observed —— CMS 8 TeV
==== Expected
- 68% expected
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35.9 b (13 TeV

0
0

T T T T T 17T I
CMS
95% CL upper limit

= Observed ——— DELPHI prompt
==== Expected — L3
r - 68% expected -'''- EWPD
95% expected —— ATLAS 8 TeV
= CMS 8 TeV

CMS 13 TeV trilepton
11 I

10°
my (GeV)

JHEPoO1 (2019) 122

> 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

displaced
%)

YV V VY VYV V

138 fb ' (13 TeV)

— Observed
= === Madian expected
mmm 68% expected
95% expectad
== DELPHI prompt
DELPHI displaced
— . CMS 3l prompt (2016)

1380 (13 TeV) 138 0" (13 TeV)

DB leptons B 5B leptons C MS # Data DB leptons I 5B leptons
¥ Total unc. —HHNL2 Other 33 Total unc. — HHL2
—--HNLE - - HNL12 ---HMLE  ----HNL12
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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/

137.9 b (

15

CMS

| III[II|

| |II|II|

i

ol V[ or o/ NV, V,ul [fb]

CMS Preliminary

95% CL upper limit

------- 2017 Expected pp

. 68% expected

95% expected

With full dataset,

llllll

CMS 13 TeV dilepton (exp)

CMS 13 TeV SSWW (exp)
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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
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Interesting
Run 1 results from CMS

pu 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?

1/



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

c
<
2]
g
>
w

{§§§f stat.+eyst uncert.
—— Data
Z+Jdets
B v
[ nonprompt
77 other backgrounas

Neutral Current

137107 (13 TeV)

FEZZ stat+eyet uncert
—34— Data
ZsJets
B v
[ nonprompt
[ otner backgrounds

18



Events / bin

Search results for A,

137 o' (13 TeV) CMS Freliminary 137 o' (13 TeV)

SOnin Stalesyst uncert.
Resolved e

p u B i
Z+dets
- Nonprompt
- Other backgrounds
———— (m‘_. mj= (6000, B00) GeV

CMS Preiminary

Resolved S annstas
~&— Data
- HetW
Zedets
B ronprompt
- Other backgrounds
e (m__.m.]:(wou. B800) GeV

T

Events / bin

01560 2000 3000

4000 5000 6000 7000 8000 3000 4000 5000 6000 7000 8000

my; (GeV) my; (GeV) JHEPo04(2022)047

137 i (13 TeV) CMS Prefiminary 137 b (13 TeV)
|

T
S Statssyst. uncert.

—4— Data
B e
Z+dots
I nonprompt
- Other backgrounds
=== m,, ) = (6000, 800) GeV

Stat.+syst. uncert.
—4— Data
| B
Zodots
- Nonprompt
[ Other backgrounds
=== m, . m,) = (6000, 800) GeV

Events / bin
Events / bin

No significant

EXCGSS Shown 7000 8000 - 6000 7000  800(

m,, (GeV) m,, (GeV)
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138 i (13 Tel) 132 it (13 TeV)

—- Combined jexp.) CcMs
. channsl

--— Combined {exp.)

» ==+ Combined {exp. + s.d.)
— Combined {obs.)
—— Resolved (obs.)

- Combined (exp. + s5.d.)

my, (TeV)

— Combined {obs.)
—— Resolved (obs.)

— Boosted (obs.)
CMS 13 TeV
{resolved, 36 fb )

— Boostad (obs.)
CMS 13 TeV

%% CL upper limil an cross saclion' Theary |:5L= gL]

35 4 45 5 55
My, (TeV)

JHEPo04(2022)047

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

%% CL upper limil an cmss saction/ Theary 0.=9
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Search for £°=2 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.

21



Looking for Signals

JHEP 11 (2023) 181

138 b (13 TeV)

138 b (13 TeV)

DYJets
I thar
Honprompt

SR =2 AKS jets B Cther

Post-fit Stat +syst. uncert.
—4— Observed
memmeme (M m )= (4000, 200) GeV
...... — {m,.. m,)= {1000, 100} GeV

Events/bin
Q

-
o

(3]

lpp—Z 1BF(Z—NN—eeiiii) = 1 fb

1000 2000 3000 4000 5000

Reco. m,. (GeV)

3.3 local significance
in ee-channel
(Z2°’=4.6TeV)

Events/bin

CMS

LLLL

SR =2 AKS jets
Post-fit

[ im_. m"j = {4000, 200) GeV
------- — {m,..m,}={1000, 100} GeV
mipp—+Z|BFZ—NN-—eefijl} = 1 fb

1000 2000 3000 4000 5000 6000
Reco. m,. (GeV)

No excess
in pu—channel
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138 ' {13 TeV)

L

Combined [exp.) CMS . o

Combined [sxp. + 5.4 ee channel '
Combinad [oba.) ..
5R1 [oba.)

—  5R2(obs)

SR3 obs))

.i.

4000 5000
m.. (GeV)

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)

JHEP 11 (2023) 181

23



Summary

> 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

> Run 3 started from last year, we expect to get 300 fb-".
Searches will continue... and a great potential

for discovery with HL-LHC data (3000 fb-")
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