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Majorana

» Two possibilities to define fermion mass
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Dirac versus Majorana

» Origin of neutrino masses beyond the Standard Model

» Crucial role of total lepton number L symmetry

Arises accidentally as global U(1); in SM from particle
content and gauge symmetry

L broken non-perturbatively but B — L conserved
Global symmetries expected to be broken gravitational effects?
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Too small to explain oscillations
but too large as subdominant splitting

Connection to matter-antimatter asymmetry
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Heavy Sterile Neutrinos

» SM + Sterile Neutrinos
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HNL Searches - Current

B decays
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HNL - Future Sensitiviti\es
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HNL Portals

» Active-sterile neutrino mixing

» Gauge portal
» Higgs portal

» HNL dipole portal
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Extended Gauge Sectors

» Additional U(1)z_; gauge symmetry
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> Exotic Z’' and B-L gauge coupling
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Extended Gauge Sectors

» Additional U(1)z_; gauge symmetry
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Extended Gauge Sectors

» Additional U(1)z_; gauge symmetry
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Extended Gauge Sectors

» Additional U(1)z_; gauge symmetry
Production via Z’ portal d
Ability to measure small couplings via
displaced vertices @
N can only decay through heavy-light

suppressed coupling 8 =Y, (H)/my i — : : . .
Sensitivity at LHC LLP detectors No background

LHE events mzp = 10, mN = 3
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Extended Gauge Sectors

» Additional U(1)z_; gauge symmetry

> Production via Z' portal

> Ability to measure small couplings via
displaced vertices

> N can only decay through heavy-light
suppressed coupling 8 =Y, (H)/my

> Production via Higgs portal
SM Higgs mixing with U(1)z_, breaking
Higgs = Scalar Portal - LNV Higgs

decays (Maiezza, Nemevsek, Nesti, PRL 115
(2015) 081802)

logoVun

FFD, Liu, Mitra
JHEP 1808 10 20 30 40 50 60
(2018) 181 My [GeV]
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LLPs in CMS Muon Endcap m

» Search for long-lived particles decaying in the CMS endcap
muon detectors in proton-proton collisions at /s = 13 TeV

(CMS, PRL 127 (2021) 261804) CMS Simulation
> LLPs producing hadronic and € wa ] MLis mesz wesowewz B D
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LLPs in CMS Muon Endcap m

» Search for long-lived particles decaying in the CMS endcap

muon detectors in proton-proton collisions at /s = 13 TeV
(CMS, PRL 127 (2021) 261804)

Stringent limits for m;;, = 10 — 50 GeV with ¢t > 0(1 m)
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» Interpretation in Neutrino Minimal SM

L?V;\:Smx
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HNLs in CMS Muon Endcap m
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HNL Production Portals

» Interpretation via gauge and
Higgs portal production
Specifically, U(1)z_;, model
pp > Z,Z' h,® - NN I
Selection criteria: :

- EMSS > 200 GeV in tracker or
calorimeter

- At least one CSC cluster

(e]

(e]

(e]

pp—>P(150)->NN

: 10-11 pp—h(125)>NN |
aligned with p7tss ; 1 pp-Z'(500)-NN ]
> CMS Delphes card and . ; =
modules N
- Effective gluon-gluon Higgs
coupling at LO 10-2k |

> Enhanced EI*ss for
gluon-gluon fusion

> Background determined in _ |

data: b = 2.0 + 1.0, pp—Z—NN gl

. - 1—3---- A P — B B B
Observed: N = 3 " 50 100 150 200 250 300

E™SS [GeV]
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SM Higgs Portal

Interpretation via Higgs
portal production

o Specifically, U(1)z_;, model
o pp > h—> NN

> Branching ratio

tan? o m?v mp, 4m?v 3/2
Br(h - NN) ~ 67 (D)2 F%M (1 — — )

max for my = %~40 GeV

> HNL proper decay length

10~12 40 GeV
I% ~ 3 m x ( ) ( )
N Ve |? my

> Sensitivity at Seesaw “floor”
for sina > 0171 (CD) < 3.75TeV 10-16

HL-LHC " \S~e -
(Soft Trloger)
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Exotic Higgs Portal

» Interpretation via Higgs
portal production
o Specifically, U(1)z_;, model
° pp > P > NN

> Branching ratio 10-6L
’ i

Br(®—XX)
2

HL-LHC
(Soft Trigger)

-16 " " " 1 " . ; 1 ; ; 5 : : ]
10 0 20 40 60 80

my [GCV]
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vRSMEFT Portal

Interpretation via effective
operator

1 C.0,
_ = _ —C _ o g
L = Lqy + vrdvr ZmNI/RI/R Ea AD L HI/R — E > Aqﬁnf + h.c..

> 5-dim vySMEFT

O = (L% - H*)(H' - LP),

Ong = (D]C’%I/R)(HT . H)
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vRSMEFT Portal

» Interpretation via effective
operator

— 1 —C o T
L= Lsy + vpdrr — SMNVRVR = %: ApL™ -

> 5-dim vySMEFT

Oy = (L™ - H*)(H' - L),

Ong = (D]C’%I/R)(HT . H)

o Sensitivity to Oyy
operator scale

1074 Axe/|Crzl =100 TeV
_ BBN ;
—16E i i i ! i i i I i i i I i i i ]
10 0 20 40 60 80
my [GeV]
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» Interpretation via effective

operator

— 1 —C o T
L= Lsy + vpdrr — SMNVRVR = XO; ApL™ -

> 5-dim vySMEFT

Oy = (L™ - H*)(H' - L),

Ong = (D]C’%I/R)(HT . H)

o Sensitivity to Oyy
operator scale
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~14
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vRSMEFT Portal

» Interpretation via effective
operator

1 | C{Jrrelntl
o — = —C . o T
L = Lsy + Ppdvp ZmNI/RI/R ; ApL

> 5-dim vySMEFT

Oy = (L™ - H*)(H' - L),

Ong = (D%VR)(HT . H)

< Seesaw 3
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10°12 Oft trigger) E

o Sensitivity to Oyy
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vRSMEFT Portal

Interpretation via effective
operator

— 1 —c aTa 7
L= ESM + VR@VR — §mNVRVR — Z)\DL - H
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(Soft Trigger) 114

.
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Aside: Dark QCD

» Dark SU(N;) and Abelian U(1),
(SUB) xSU2), xU1), XxSU(N:)xU((1)p)

Liu, Lockyer, Kulkarni
(to appear)

L 2 QsmkpZpqy,q + QpkpZpd, Yudp + Yijopq,qp + (D )T (D)

- Mass spectrum from lattice QCD g

> Small QD_KD and Iarge mz,
makes pions long-lived }
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Aside: Dark QCD

» Dark SU(N;) and Abelian U(1),
(SUB) xSU2), xU1), XxSU(N:)xU((1)p)

Liu, Lockyer, Kulkarni
(to appear)

L 2 QsmkpZpqy,q + QpkpZpd, Yudp + Yijopq,qp + (D )T (D)

- Mass spectrum from lattice QCD s

> Small Qpkp and large my i B
makes pions long-lived N Y _,D@

o What is the LHC sensitivity b e

for such long-lived pions? f

. . . ! mp
- Emerging jets with long Z : ﬂﬁé
lifetime signature o5 | ...
g y  — np
p— _'-"TE) ef;
P% nﬁ
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Aside: Dark QCD

» Dark SU(N;) and Abelian U(1),
(SUB) xSU2), xU1), XxSU(N:)xU((1)p)

Liu, Lockyer, Kulkarni
(to appear)

U— H— _
LD QSMKDZD aml + QDKDZD AdpYuq 70+ e E::z:zt::: i:))
. Mz =3.5TeV, m;/A=0.6 ° Final-sae(Nn;)
> Mass spectrum from lattice QCD o “
60+ A=5GeV,Nc =5, All mstable . o
> Small QD_KD and Iarge mz, L
makes pions long-lived 50} e °
> What is the LHC sensitivity = |* 7
for such long-lived pions? T 40f et
- Emerging jets with long e
30+

lifetime signature

- Modelling dark showers

depending on Nz /N, 207

1055 10 15 >0 >5
Ne/Nc
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Aside: Dark QCD

» Dark SU(N;) and Abelian U(1),
(SUB) xSU2), xU1), XxSU(N:)xU((1)p)

Liu, Lockyer, Kulkarni
(to appear)

60

L D QsmkpZp qvuq + QDKDZDqDVuQD

- Mass spectrum from lattice QCD

o,
Small QD_KD and Iarge mz, ul \ :
makes pions long-lived

50F

> What is the LHC sensitivity 8 . Y
. . Q =z %,
for such long-lived pions? < %
Emerging jets with long ol A
lifetime signature
Modelling dark showers o Al decay .
o [ CTLLP=IOOHII'I1, .............. E
depending on Np /N, e T
- CMS search sensitive to large regions i

Of dark showers parameter space iz, /Ap
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Conclusion

» Neutrinos much lighter than other fermions
> Dirac or Majorana? Lepton Number Violation?
> Determination of absolute mass scale

» Probing LNV and HNLs
> Testing the mechanism of neutrino mass generation
- Baryon asymmetry of the Universe via Leptogenesis

> Light neutrino masses generically require small Yukawa couplings
- Small active-sterile mixing > HNLs are LLPs

» Beyond sterile: HNL portals
- Efficient BSM portals to produce HNLs beyond mixing
- Gauge, Higgs (and Dipole)

> Sensitive to seesaw floor of neutrino mass generation using
existing CMS data

> Sensitive to New Physics (vgSMEFT) scales A =~ 4000 TeV
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