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Minimal and non-minimal scenarios

Dirac mass term and Majorana mass term (seesaw mechanisms)

Sterile neutrinos, right-handed neutrinos, heavy neutrinos, heavy
neutral leptons (HNLs). ..

Predicted not only in minimal scenarios but also in non-minimal
scenarios: U(1)x(g_1), leptoquarks, LRSM, ...

If separation of scales = use Effective Field Theories (EFTs)
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Non-minimal scenarios and EFT

@ N's appear sterile at lower energies, but interact at higher energies
through the exchange of heavy BSM fields:

LRSM, GUTs, Z, leptoquarks, ...

Around the EW scale: Ng-extended SMEFT (NzSMEFT)
Example scenario:

LRSM with heavy SU(2)g gauge bosons and light HNLs
Separation of scales: my < vvs. A > v

= EFT framework: NgSMEFT

@ At even lower (meson) scales: Ng-extended low-energy EFT
(NgLEFT)
Meson EW NP
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NRSMEFT & NgLEFT

o NREFT framework construction:
[Grzadkowski, Hioki, Ohkuma, Wudka 2004,
Aguila, Bar-Shalom, Soni, Wudka 2009, Aparici, Kim, Santamaria, Wudka 2009,
Bhattacharya, Wudka 2016, Liao, Ma 2017, Li, Ren, Xiao, Yu, Zheng 2021.. ]

Lept = Lren. + Z Z C,(d)o,gd)
d>5 i
Focus on dim-6 and dim-7 operators
Typical NRSMEFT operators:
o dim-6 (LNC): (uy"u)(Ny,N), (Ld)e(QN), (dy*u)(Ny,e),
(Nv#e)(HTiD, H), ...
o dim-7 (LNV): (QN)(Ned)H, Ht (aQ)(NEN), ...
RGE running, integrating out heavy fields
Typical NgLEFT operators:
o dim-6 (LNC & LNV): (@ry*ugr)(Ny,N), (Ldr)e(QN), (dy*u)(Ny,e),
(didr)(NEN), (Trug)(NEN), ...
@ Mixing and operators = prod. or decay of N
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Sensitivities in the minimal scenario
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Figure 35 in J.Phys.G 50 (2023)2,020501
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Sensitivities in the minimal scenario — low mass
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Direct production from pp collisions at the LHC

= JHEP09(2021)039: pp 28 NN with N decaying via |Vay|?, double-N
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= JHEP01(2022)044: pp 28 NI, N’ Iqq/, single-N, ATLAS
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Direct production from pp collisions at the LHC

in association with a top quark
= JHEPO05(2025)238: Ops. with a top quark incl. single-N and double-/N

dim-6 op.
(mn; 3z, | Ven|?)
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Production from heavy-meson decays at the LHC

- JHEP03(2021)148: D/B % N+

e(+M), N et M, single-N
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HNLs from kaon decays at the LHC and DUNE

« PRD109(2024)115014: K 28 NN(+7), K28 e+ N(+n)
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HNLs from 7-decays at Belle Il
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A quick reinterpretation method
= JHEPO05(2023)031: using re-scaling to reinterpret sensitivities in the
minimal-HNL scenario in terms of EFT-HNL scenarios
= Key: in the large-decay-length limit, the expon. decay function can be

expanded to the linear order: Ns o< Npoq. - I'HnL
=  No MC simulation is needed
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Matching to UV — LRSM

= JHEPO04(2025)007: matching NRSMEFT and NgLEFT to mLRSM
Complementarity between displaced-vertex and Ov(3(3 searches

Light: HNL; Heavy: Wk
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Matching to UV — {0 in RPV-SUSY

= JHEPO01(2024)108: NgSMEFT/LEFT can describe other SM singlets,
too, e.g. the bino-like lightest neutralino

= Light: neutralino; Heavy: sfermions
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Conclusions

HNLs both in the minimal scenario and extended scenarios
Separation of scales = EFT framework suitable
Effective field theories: NgSMEFT and NgLEFT

Multiple pheno studies:

o Direct production from pp collisions at the LHC

e Production from meson decays at the LHC, DUNE, and SHiP

e Production from 7 decays at Belle Il

o A quick reinterpretation method

e Matching to UV: HNLs in the mLRSM & a light x7 in the RPV-SUSY

@ Outlook and final remarks:

phenomenology: interface between theory and experiment

In addition, coding and tools

LLP is an ongoing opportunity window to look for BSM physics
LLP study: interdisciplinary field of theory, experiment, and tools

Thank You! i§fit!
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