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Neutrino mass: m\w
Confirmed by Neutrino Oscillation experiments

Beyond the Standard Model (SM) description

In the context of SM, neutrinos have to be massless because:

SUQ2); x U(1), symmetry group for EW theory & Dimension-4 operators only

| M NEUTRINOS ARE MASSLESS |

Economical particle content:
Only left handed neutrinos: Dirac mass term is forbidden

HAVE MASS!

Only one neutral Higgs doublet: Majorana mass is forbidden
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Model independent operators from effective field theory:

Example: Majorana mass term introduced by the dimension-5 Weinberg Operator

Majorana Mass: Weinberg Operator

the unique dimension-5 extension HYPERCHARGE

to the SM gives a neutrino =% MASS
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THIS IS SOME HEAVY SCALE THAT GENERATES THE WEINBERG OPERATOR
WEINBERG, PHYS. REV. LETT. 43, 1566 (1979)



https://twitter.com/FlipTanedo/status/1163562253360099329

INTRODUCTION

Neutrino mass can be explained with:

Specific Beyond the Standard Model (BSM) theory with UV completeness

Example: Seesaw models

Tree level realization of the Weinberg Operator

Right-handed singlet:
(type-l seesaw)
His, ' o2 H Majorana Mass: Weinberg Operator
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Fermion triplet:
(type-lll seesaw)

1
_ T 2
m, = Y5, —1\/[2 Ysv

[ 51 NEUTRINOS CAN BE MASSNE IF. |

NO PROBLEM BUDDY
\
IT IS FON TO

PLA%N\A SEESAW WITH YOU

()
O =
* —
HEAVY NEU. /\
—

HEY DUDE
THANK YOU
1 AM MASSIVE®

—

Why named with “Seesaw”?: Heavier BSM particles leads to lighter SM neutrinos

Seesaw models and their variations become the neutrino mass generation mechanism

of many complicated BSM models

Example: Left Right Symmetric Model (LRSM) introduces heavy right handed neutrino (type-|
seesaw) but generate neutrino masses with extra scalar fields (type-ll seesaw like).



‘Compact Muon Solenoid

CMS DETECTOR STEEL RETURN YOKE

COMPACT MUON SOLENOID @ RUN-II =

Compact Muon Solenoid (CMS):
=E R ek A multi-purpose detector at the

MUON CHAMBERS

Barrel: 250 Drift Tube, 480 Resistive Plate Chambers °
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers a r g e a r O n O I e r

PRESHOWER
Silicon strips ~16m* ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating POWO, crystals

HADRON CALORIMETER (HCAL)

Brass + Plastic scintillator ~7,000 channels

Interactions of constituents of the colliding protons, the so called
partons (quarks, gluons)
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/LumiPublicResults#LHC_and_CMS_luminosity_records

TODAY’S FOCUS

Latest results from CMS on neutrino mass models!
Type-l seesaw model.:

Probing heavy Majorana neutrinos & Weinberg Operator via Vector Boson Fusion (VBF)

Long-lived heavy neutral leptons with displaced vertices

)

Type-lll seesaw model.:

Inclusive nonresonant multilepton probe for new physics

Heavy Composite Majorana Neutrino

Two same-flavor lepton and two jets final state

Left-Right Symmetric Model

Wy decay to heavy right handed neutrino

/' boson decaying to pairs of heavy Majorana neutrinos

Prospects of High Luminosity LHC (HL-LHC)

Inclusive nonresonant multilepton probes of type-l and type-Il seesaw models.



http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-21-003
https://arxiv.org/pdf/2206.08956
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-20-009
https://doi.org/10.1007/JHEP07(2022)081
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-21-002
http://dx.doi.org/10.1103/PhysRevD.105.112007
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-20-011/
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-20-002
http://dx.doi.org/10.1007/JHEP04(2022)047
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-20-006
http://cms-results.web.cern.ch/cms-results/public-results/publications/FTR-22-003

PROBING HEAVY MAJORANA NEUTRINOS & WEINBERG OP.VIAVBF [

Right-handed singlet:
(type-| seesaw)
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LHC version of inverted "neutrino less double beta decay”

VBF production of Type-I §
; Seesaw HMN
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Heavy Neutrino Mass, m,, [GeV]

More sensitivity for
TeV mass hypothesis

Signal topology: two same-sign muons + a pair of back-to-back jets


https://arxiv.org/abs/2011.02547
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-21-003
https://arxiv.org/pdf/2206.08956

PROBING HEAVY MAJORANA NEUTRINOS & WEINBERG OP. VIAVBF |

Wl Ison Coefﬁ Clents arXio: 2206.08956

_ ™
Ct e
v [®- L] [Ler @] + Hec.

™~
EFT Scale

v = V2(®) ~ 246 GeV

e, 2
mypp = C:" v /A
X 5 /
Effective Majorana Mass

Phys. Rev. D 103, 115014

First ever direct examination of
Weinberg Operator at colliders!

LHC version of inverted "neutrino less double beta decay”

Signal topology: two same-sign muons + a pair of back-to-back jets


https://doi.org/10.1103/PhysRevD.103.115014
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-21-003
https://arxiv.org/pdf/2206.08956

PROBING HEAVY MAJORANA NEUTRINOS & WEINBERG OP. VIAVBF | =%
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LONG-LIVED HEAVY NEUTRAL LEPTON WITH DISPLACED VERTICES | _

Right-handed singlet:
(type-l seesaw)

f only interacts with the
§ SM neutrinos in terms of §
§ the mixing gy, © N with §

Type-l Seesaw HNL

L probability | V|

Changed from very small

to macroscopic distances away
from production vertex

-

HNL Lifetime (7)
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’i Smaller HNL mass and §
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‘ longer HNL life! §
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displacement (prompt decays)

. (displaced decays) with very §

prompt

@ displaced

7 low mass and couplings. |

displaced objects

Pioneering signatures:


http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-20-009
https://doi.org/10.1007/JHEP07(2022)081

LONG-LIVED HEAVY NEUTRAL LEPTON WITH DISPLACED VERTICES | 5

Today’s focus:
trilepton final state

¢+

j 3 leptons final state:

i 2 displaced leptons
| (¢ —173)

& f- |promptlepton(/) § _

JHIEP07(2022)081

Dirac and Majorana limits
Dirac limit: lepton number conserved (LNC)
Majorana limit: lepton number conserved (LNC)
or violated (LNV)

¢ Features and requirements of the HNL-displaced
. signature:

Low dilepton mass M, ..

Soft leptons, ¥, — 75 = trigger on ¢,
Collimated leptons, 7/, — 7,

Displaced leptons, 7, — 7 = loose impact
parameters



http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-20-009
https://doi.org/10.1007/JHEP07(2022)081

LONG-LIVED HEAVY NEUTRAL LEPTON WITH DISPLACED VERTICES

CMS analysis only considers the HNL mixes with a single neutrino flavor (1SFH)
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http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-20-009
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INCLUSIVE MULTILEPTON PROBE FOR NEW PHYSICS ==

A multi-bin, inclusive, model-independent multilepton analysis with full Run2

Covering light leptons and hadronic decaying taus

Results will be interpreted in the context of three signal models

Type-lll Seesaw model (Today’s focus)

Vector-like leptons (singlet and doublet)

Leptoquarks (coupling to top quark and a changed lepton)

Complete set of

¥ to allow reinterpretation of
§ the results for many other §
£ models with multilepton  §
§ signatures in the final state. §

-

oy, Inclusive ~,
e S
analysis

Fermion triplet:
(type-lll seesaw)

1
m, = YgM—EYZ'U2

Trilepton channels

Quadlepton channels*

« 3L: 3 light leptons, 0 had. taus

e 2L1T: 2 light leptons, 1 had. tau

e 1L2T: 1 light lepton, 2 had. taus

» 4L: 4 light leptons, 0 had. tau

e 3L1T: 3 light leptons, 1 had. tau
e 2L2T: 2 light lepton, 2 had. taus
e 1L3T: 2 light lepton, 2 had. taus

* No veto on additional leptons
— only lead. four objects are considered



https://www.hepdata.net/
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-21-002
http://dx.doi.org/10.1103/PhysRevD.105.112007

INCLUSIVE MULTILEPTON PROBE FOR NEW PHYSICS

Dedicated Boosted Decision Tree (BDT)

LEXO-21-002
PhysReoD. 105. 112007
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http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-21-002
http://dx.doi.org/10.1103/PhysRevD.105.112007

Heavy COMPOSITE MAJORANA NEUTRINO |

EXO-20-011

Gauge

§ interaction §
Heavy Composite Majorana a i - -
Neutrino (HCMN): 3 ! ¢ v
Heavy Majorana Neutrino considered asa | W
& composite state of other elementary particles | - !
Ny q; Ny
Preowns
e,V... B G Y RO Ay gl =g sl N
u,d ... , Signal topology
¢ - Di-electron or di-muon
- One Fatjet (Originate
Energy 4 from multiple collinear %
partons, clustered with large 3
Ay A radius (Anti-Kr, R=0.8, 3
Electroweak Scale Compositeness Scale

Features of HCMN:
Lepton Number Violation (LNV)
can arise from Majorana nature.

Based on an EFT description:
settings of model parameters
should be self-consistent!

Gauge |
§ interaction §


http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-20-011/

HEAVY COMPOSITE MAJORANA NEUTRINO

EXO-20-011

Unitarity constraints (link): Focus on a valid EFT expansion region
- For A =6TeV,N, (N) is excluded for masses up to 5.2 (5.4) TeV
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https://arxiv.org/pdf/1903.12285.pdf
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-20-011/

LEFT RIGHT SYMMETRIC MODEL =

Left Right Symmetric Model (LRSM) completes the handedness of SM: ¢

The SM only includes left handed W boson and neutrinos  SU(3)c ® SU(2)L ® U(1)s-L

LRSM introduce right handed Wy boson and thus right handed neutrinos
Nyt =e,u,v  SUB)c®SU(2); @ SU2)r® U(1)p_;

S

A new neutral boson (Z) is introduced simultaneously for completing the gauge group.

LRSM offers the Seesaw scale and heavy neutrino
Three new gauge bosons Wﬁ and Z’, three new right-handed neutrinos N,
Search for LRSM: search for extra gauge bosons + heavy Neutrinos

Charged Current Neutral Current



https://doi.org/10.1007/JHEP04(2022)047
http://cds.cern.ch/record/2803617?ln=en
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-20-002
http://dx.doi.org/10.1007/JHEP04(2022)047
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-20-006

LRSM CHARGED CURRENT SEARCH

Charged current search: Wy and N,

Final state leptons are of the same flavor:

Search channels: both dielectron and dimuon considered

Signal topology: Resolved and Boosted

4 Resolved
. - Two leptons
- Two jets

||||||||
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Charged Current

Boosted
¢ - One lepton
' - One fatjet with one lepton inside |
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Boosted: 7
¢ Invariant mass 771;; ¢



http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-20-002
http://dx.doi.org/10.1007/JHEP04(2022)047

LRSM CHARGED CURRENT SEARCH

LXO-20-002

JHEPO42022)047

Charged current search: Wy and N,

Charged Current

Final state leptons are of the same flavor:

Search channels: both dielectron and dimuon considered

Signal topology: Resolved and Boosted

Interpretatlon iD (only mW varying) and 2D (both My and mN varylng)

, ID I|m|ts.
Z = Muon channel example

= my=02Tev.

£ = Muon channel
. example

s % E """" Combined (exp.) CMS
| 10 my = 0.2 TeV t 5[~~~ Combined (exp. £ s.d.) pu channel
o Combined pp channel Ez - — Combined (obs.)
4 [ —— Resolved (obs.)

[ — Boosted (obs.)

— CMS 13 TeV
3  (resolved,36fb™

S(PP—W,)BW, >hiad) (1)

107"
——— Observed limit
102 e Expected limit :
I 68% expected .
95% expected 1

10°E  —— Theory(g,=g)

GeV excluded

138 fb' (13 TeV)

2D Ilmlts. '

1 15 2 25 3 35 4 45 5 55
my,_(TeV)

95% CL upper limit on cross section/ Theory (g_=g,)

Significant improvement in boosted channel

(. Formy =200GeV, ee(up) : my, 4600 (5400)
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LRSM NEUTRAL CURRENT SEARCH

Neutral Current

Neutral current search: Z"and N,

Final state leptons are of the same flavor:

Search channels: both dielectron and dimuon considered

FXO-20-006

q

Signal topology: based on multiplicities of jets (AK4) & fatjets (AKS)

SR N(AKS8jet) N(tightleptons) N(AK4 jet)
SR1 (0AKS) =0 =2 >4
SR2 (1AKS) =1 >1 >2
SR3 (2AKS) >2 o o
AK4 jet AKS jet
I1AKS

The otherN ())

- Z'=N; +N, 3

N (two | and the tight lepton)

2AKS8

N (tight lepton and the closest |)

The other N (remaining |)

- Z=N +N,
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LRSM NEUTRAL CURRENT SEARCH

Neutral current search: Z"and N,

Final state leptons are of the same flavor:

Search channels: both dielectron and dimuon considered

LEXO-20-006

q

Neutral Current

R

Signal topology: based on multiplicities of jets (AK4) & fatjets (AKS)

138 fb™! (13 TeV)

SR N(AK8jet) N(tightleptons) N(AK4 jet)
SR1(0AKS) =0 — >4
SR2 (1AKS) —1 >1 >2
SR3 (2AK8) >2 _ _
j ¢
¢ i ,y \1 ‘AJ
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S o 1AK8 . ta 0 10°F 2aks
AT w10 Non-prompt W [ Postfit
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LRSM NEUTRAL CURRENT SEARCH

Neutral Current .

LEXO-20-006

Neutral current search: Z"and N, '

Final state leptons are of the same flavor:

Search channels: both dielectron and dimuon considered

Signal topology: based on multiplicities of jets (AK4) & fatjets (AKS)

Interpretatlon 1D (m ( N = = m,/4) and 2D (m, and my varying under m, > 2 X my))

' ID I|m|tS° |
i = Muon channel example

2D Iimits: f

j & Muon channel example 3
% [ —me Combmed (exp.) R

e chanmel Q [ oo Combined (exp. +s.d) .

OmInes i channe Ez 20001~ Combined (obs.) . ~

- Expected - 0AKS (obs.) e em 2

-Expected +t1c 1500‘_ ——— 1AKS (obs.) \“‘c" N z 7

Expected +2 ¢

o(pp — Z')BR(Z' — NN — pjjjj) (pb)

N TR T TR - 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

500 1000 1500 2000 2500 3000 3500 4000 m,. (GeV)
m, (GeV)

A 4 Significant improvement
Exclude the phase space up to ! - OAK8SR:my =1to2TeVand nmy=0.5to | TeV

'i = my = 3.60(3.87) TeV for the electron channel § Y . IAKS SR: higher m., with resolved N's
= Mz = 4.04(3.87) TeV for the muon channel ¢ - 2AKS8 SR: dominant where Ns are boosted
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PROSPECTS FOR HIGH-LUMINOSITY LHC =

Run-3 has started. After Run-3, LHC will be upgraded to phase-2: the High Luminosity
LHC (HL-LHC)

More data will be recorded (~ 300 /fb for LHC Run-3,~ 3000 /fb for HL-LHC)

More powerful detectors will be installed
The physics potential of incoming HL-LHC on Seesaw models has been studied:

A generic search with multilepton final state, targeting on both Type-I and Type-I|
Seesaw models

Limits are put on BSM fermion singlet mass or scalar triplet mass.

3000 fb~' (14 TeV)
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'E 4 I L ' | | I | LR -8- .
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(type-| seesaw) a e Q SN -— Median expected 1 Scalar triplet:
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SUMMARY s,

Nonzero and small neutrino masses motivates the study of neutrino mass generation
mechanisms.

Various theoretical solutions are provided, calling for tests from multipurpose
detectors at the energy frontier of elementary particle physics.

At CMS, enormous efforts have been put on tests of neutrino mass models with
different analysis strategies

Type-l & Il Seesaw models, Weinberg Operator, Heavy Composite Majorana
Neutrino, Left-Right Symmetric model...

Prompt production, long-lived search, VBF topology
New stories just begin:

Run-3 and HL-LHC bring us more opportunities for revealing the neutrino mass
mystery!

Novel analysis techniques boost performance for collider tests on neutrino mass
models.

THANEK YOU!
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