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The Large Hadron Collider Run-2
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® Multi-purpose detectors at LHC: ATLAS & CMS
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Th e La rg e H a d yron CO I I id er Ru N -2 CMS Integrated Luminosity, pp, V5= 13 TeV
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® Multi-purpose detectors at LHC: ATLAS & CMS

® Run-2 collected proton-proton collisions data at \/E = 13 TeV: ~140/tb
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Recent heavy neutrino analyses at the LHC

® Probing heavy Majorana neutrinos & Weinberg operator via pp—p*u#jj
9 y Via g Op PP J)
CMS¢

® Search for type-Ill seesaw heavy leptons

CMS,
ATLAS :
EXPERIMENT L
® Heavy Composite Majorana Neutrino
CMS
— N

— S

=~/ N\

® | eft-Right Symmetry model

CMS,

=,

® | ong-lived heavy neutral leptons with displaced vertices

ATLAS 2

EXPERIMENT f-\\\\\
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Neutrino2022
The dim-5 Weinberg operator
g p NEUTRINER FRAN SUPER-
KOSMISK STRALNING szffégz(?;zs
e, N b L
\a\ I 4 SKYDDANDE
® The Standard Model neutrino masses are non-zero e e
® \Why are neutrinos massless in the SM? - O | e
et
® Renormalizability requires all SM operators with dimension = 4 e A
o SU(2); X U(l)y ElectroWeak symmetry @
® Only left-handed neutrino — No Dirac mass term o
® Only one neutral Higgs doublet — No Majorana mass term
® Masses of SM neutrinos call for an extension to the SM lagrangian
e \What if we give up renormalizabilty and introduce a higher dimension operator? / p
® An Effective Field Theory (EFT) solution: the dimension-5 Weinberg Operator 7
® Adding this operator will give SM neutrinos Majorana masses h
® EFT doesn’t describe the new physics in detail. Need to open the black box ana / S

check new physics wherein
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Jie Xiao (Peking University)


https://inspirehep.net/literature/144673
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® Opening the black box of Weinberg Operator requires a "seesaw”

® Only three different kinds of realization at Born-level are allowed

Right-handed singlet:
(type-l seesaw)

Seesaw Model

Scalar triplet:
(type-ll seesaw)

H-~ - H
N /s
N\ s

Heavy neutrinos at the LHC - results and prospects

Majorana Mass: Weinberg Operator

the unique dimension-5 extension e

to the SM gives a neutrino 7 i MASS
mass without any new 1 2% 9 h)2
ields in the th I . N ()"
alds in the theory — - |H N VLVL‘|‘
P
0 (7, ér L (h )
I

(2), MULTIPLETS

( sU
THIS IS SOME HEAVY SCALE THAT GENERATES THE WEINBERG OPERATOR
WEINBERG, PHYS. REV. LETT. 43, 1566 (1979)

ANTI-[LEFT-HANDED
NEUTRINO]

(RIGHT-HANDED FERMION)

® Heavier BSM particles lead to lighter SM neutrinos

Jie Xiao (Peking University)
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Fermion triplet:
(type-lll seesaw)

1
m, = YETEYEU2

SM NEQTRINOS CAN BE MASSINE If..

NO PROBLEM BUDDY
\
IT IS FON TO

BSM
HEAVY NEQ
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https://twitter.com/FlipTanedo/status/1163562726360145921
https://twitter.com/CERN/status/1524406421537886208?t=msnSD2KkaMPCy_wqDiusWg&s=05
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Probing heavy Majorana neutrinos & Weinberg op. via pp—=pzpEj
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® The "neutrinoless double-f decay” version of the LHC

® Signal topology: two same-sign muons + two jets
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Probing heavy Majorana neutrinos & Weinberg op. via pp—=p*usjj

Right-handed singlet: 9 It

(type-l seesaw)
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® The "neutrinoless double-f decay” version of the LHC

® Signal topology: two same-sign muons + two jets
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Probing heavy Majorana neutrinos & Weinberg op. via PP TS
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Search for type-lll seesaw heavy leptons ATLAS

EXPERIMENT

Fermion triplet:
(type-lll seesaw) . .
H\yp | ® Introduce SU(2)_fermion triplet
L/*\L ® Neutral Majorana (N?) and charged ( L*) heavy leptons
l 1 ® Usually assuming to be degenerate in mass in analysis
m, =Yg — Ygv°
= lpp = W* > N°L7 lpbp = 7% > L*LA

L+ — H{* Z6~ Wi
N’ = Zv, Hy, W=¢F

® Signa| to pology Three-lepton signal regions Four-lepton signal regions
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= 2 identify the .~

- Muons |

rrocerriemennsenemmenet § 7010 charge (Q0) and double charge (Q2) §
I NJet <=1} b st s
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Search for type-lll seesaw heavy leptons

Heavy neutrinos at the LHC - results and prospects
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Search for type-lll seesaw heavy leptons 2

® A multi-bin, inclusive, model-independent multilepton analysis with full Run2 data
e Covering light leptons, hadronic taus

® Results will be interpreted in the context of three signal models:

¢ Type'm Seesaw Trilepton channels Quadlepton channels*

® \/ector-like leptons (singlet and doublet)

« 3L: 3 light leptons, 0 had. taus 4L: 4 light leptons, 0 had. tau

® | eptoquarks (coupling to top quark and 3L1T: 3 light leptons, 1 had. tau

« 2L1T: 2 light leptons, 1 had. tau
a charged lepton)

2L2T: 2 light lepton, 2 had. taus

 1L2T: 1 light lepton, 2 had. taus 1L3T: 2 light lepton, 2 had. taus

Complete set of HEPData will be
et provided to allow reinterpretation of |
Ethe results for many other models with
{ multilepton signatures in the final ‘

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

f state. 1

o Inclusive
“® analysis

Jie Xiao (Peking University) 03 June 2022
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CMS,

Heavy Composite Majorana Neutrino (HCMN) s

\
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¢ Gauge interaction { [ Contact interaction §

/]\ /I\ Energy

Agw Ac

Electroweak Scale Compositeness Scale

Excited states is a heavy composite

Majorana neutrino (HCMN, N, ¢ = e, u, 1) f

Jie Xiao (Peking University) 03 June 2022


http://cds.cern.ch/record/2804305?ln=en

Neutrino2022

Heavy Composite Majorana Neutrino (HCMN) s
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Left-Right Symmetry model (LRSM)

/.

ef-Right Symmetry model { ) ymmetry between left and right SU(2) groups!

SU(3)c ® SU(2), ® SU(2)r ® U(1)p~1

® | RSM ofters the Seesaw scale and heavy neutral lepton (HNL)

® Three additional gauge bosons W5, and Z’
® Three right-handed neutrinos N,, N , and N,

® Search for extra gauge bosons and heavy Majorana neutrinos

Charged Current Neutral Current

Jie Xiao (Peking University) 03 June 2022
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Search for Wrand N 553

® Considering dielectron and dimuon channels

® Signal topology: Resolved + Boosted

Boosted |

| Resolved .- One leptons

- Two leptons |

o

. ‘

‘ WO |
/4 v 3
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Search for Wrand N
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1D limits:
{- Muon channel example |
2 TeV
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TeV for the muon channel

my, (TeV)
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i GeV excluded
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Neutrino2022 Heavy neutrinos at the LHC - results and prospects CMS EXO-20-006

Search for Z' and N s,

® Considering dielectron and dimuon channels

® Signal topology:

SR N(AKS8jet) N(tightleptons) N(AK4 jet) 7
SR1 (0AKS) =0 =2 >4
SR2 (1AKS) =1 >1 >2
SR3 (2AKS) >2 — —

AK4 jet AKS jet

|~ N(tight lepton and the closest J)
i - The other N(remaining ) '
(- Z'=N1+N2

|- N (two | and the tight lepton) |
.- The other N(J) '

- Z'=NT+N2

=one £ + two |

- Two N {
-Z'= N1+ N2 :
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Search for Z'and N S

: 1D limits: |
{- Muon channel example |

: 2D limits: i
{ - Muon channel example

eXx

CMS Preliminary 138 fb™’ (13 TeV) | Arnvo , - mN _ mZ,/4 it
e ML DYJets . ) PP '
o 0AKS I ttbar 1 S - 4 » 4
> 10* CMS Prelimina 138 fb™" (13 TeV CMS Frel 138 fb™ (13 TeV, Full Run2
uJ Postfit Non-prompt 3102 ""[l':";lelIl]llIIIIIIT'IIIIIII(IIIIT) AZSOOTTI‘#I%WIW
103 S £ my = m;/4 heory %, IR Combined (exp.) o
CMS Preliminary 138 fb (13 TeV) = 10 Combined pu channel ____ Observed O] - Combined ( +s.d.) o -
Fo E = L e ombined (exp. +s.d. -
= 3l A A TN =z - . o —
T e T 1 Expectsd = 2000¢ Combined (obs.) i
on-promp = N '\‘\ _
B other > - Expected +1¢ _ 0AKS (obs.) X _ /2 i
P ; TR N\ e - o My = Mgz -
CMS Preliminary 138 fb™ (13 TeV) - A Expected + 2 ¢ = e ] AK8 (Obs.) o
LI B L B L B N - = 1500 o —
U DYJets nd o[ - o ‘ -
2AKS B ttbar 0 107%F - - :
Postfit Non-prompt f\l E E " -
- Other T -3 B 7 - —
KRR Stat.+syst. uncert. o 10 E? 1000 " -
—0—' i Observed % E _ :
=i=i=:= (m_,, m ) = (4000, 200) (GeV) 1 0-4 L -
; 500} —
10°F - :

lllllIlllllllllllllllllllllllllllllllll L
10—6500 1000 1500 2000 2500 3000 3500 4000 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

m,. (GeV) m,. (GeV)

Significant improvement

"Exclude the phase”spacde up to ' OAKS SR o o Ty o 0o 1T V
i - my = 3.60(3.87) TeV for the electron channel § 2 Mz = 1toclevandmy =0.510 1 1€

m, = 4.04(3.87) ‘ /‘? 1AK8 SR: high.er m, with resolved Ns :
4 1- 2AK8 SR: dominant where Ns are boosted !

4000 5000 6000

Reco. m,. (GeV)

1000 2000 3000

TeV for the muon channel

~
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Long-lived heavy neutral leptons with displaced vertices YYATLAS

EXPERIMENT ¥

® HNLs are sterile which means they only interact with v, through mixing vgy = N.

® HNL lifetime (7): smaller is the mass or the N-mixing — longer N lives

it From very small (orompt decays) to macroscopic distances |

~ Hfrom production vertex (displaced decays) at very low mass ‘
tand couplings. :

! Pioneering signatures: displaced objects |
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CMS,

Long-lived heavy neutral leptons with displaced vertices YYATLAS

EXPERIMENT ¥

=

| Majorana and Dirac models

:- Dirac: lepton number conserved (LNC)
i- Majorana: lepton number conserved (LNC) or violated (LNV)
~ (LNV/LNC = 1 (ratio is model dependent

e//—}—

— L PR dhy —

; Features and requirements of the HNL-displaced signature: |

! 3 leptons in the final state | leptons final state:
Q' = W 5 N = COWE = CCC"V 0 femm i

| &% - 1 prompt lepton (7))
P qq > W = N - v, 2% — Ev e

i~ Low dilepton mass My,

Loyl - Soft leptons, £, — /5 = trigger on 7,

ko2 displaced leptons (¢, — ) ‘. { - Collimated leptons, 7, — 75

ngplacgd Ie“ptons, 2 f,f?_’ loose impact parameters |
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Long-lived heavy neutral leptons with displaced vertices Sy

® The CMS analysis only considers the HNL mixes with a single neutrino flavor (1SFH)
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Long-lived heavy neutral leptons with displaced vertices

Heavy neutrinos at the LHC - results and prospects

ATLAS arXiv:2204.11988

ATLAS

EXPERIMENT

® The ATLAS analysis considers both 1SFH and two quasi-degenerate HNLs (2QDH) scenarios
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Summary and Prospect

® Heavy neutrinos with mass from a few GeV to ~20 TeV are probed in various models:
Type-| seesaw, Type-lll seesaw, Heavy Composite Majorana Neutrino, Left-Right Symmetry model, ...

The exclusion mass increase and the limits are more stringent on the model parameters. But no signiticant
deviations from the SM were detected. CMS Phase 2 Simuaton Proimiary __ 20001 (14 TeV

| | |
Type-l Seesaw, |V n|? =1, |Ven|?=|Vin|2=0
95% expected E
Bl 68% expected
—-— Median expected
--- Theo.

. CMS-PAS-FTR-22-003

—
(=)
o

—
8

® Prospect

Cross Section o(pp—£N) [pb]

10 “._ Trilepton channel

® Run-3 is approaching, and then is HL-LHC

® Other sectors can be tested, e.g., Top, Tau, ...

104 | | ] | | -
500 1000 1500 2000 2500 3000

® More models could be studied. o [GeV]
In particular, analyses provide a wider range of reinterpretation materials, e.g., HEPData
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