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We have worked on long-lived particles predicted in neutrino mass models for 7 years
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‘We study discovery prospects for long-lived sterile neutrinos at the LHC Wjth multitrack displaced
vertices, with masses below the electroweak scale. We reinterpret current displaced Xgrtex searches making
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We then realized the same DV strategy « B
is applicable to many models, and '
we’ve been refining it ever since -
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‘We investigate the reach at the LHC to probe light sterile neutrinos with displaced vertices. We focus on
sterile neutrinos N with masses my ~ (5-30) GeV that are produced in rare decays of the standard model
gauge bosons and decay inside the inner trackers of the LHC detectors. With a strategy that triggers on the
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The LLP mania started ! ...
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A hunt for long-lived particles ramps up

The Large Hadron Collider could be making new particles that are hiding in plain sight

Citation Juliette Alimena et al 2
DOI 10.1088/1361-6471/ab4 %

We were looking for
LHC gaps in
coverage and
thinking of models
predicting LLPs
which were not yet
tested !

By Adrian Cho simple strategy to look for new particles tems—trackers that trace charged
Smash together protons or electrons at ever- lorimeters that measure particle
re new particles materializing right | higher energies to produce heavy new par- d chambers that detect penetrat-
under pl noses and going | ticles and watch them decay instantly into | ing and particularly handy particles called
unnoticed? The world’s great atom | lighter, familiar particles within the huge, | muons—all arrayed around a central point
smasher, the Large Hadron Collider | barrel-shaped detectors. That's how CMS | where the accelerator’s proton beams col-
(LHC), could be making long-lived | and its rival detector, A Toroidal LHC Ap- | lide. Particles that fly even a few millimeters
particles that slip through its detec- | paratus (A , spotted the Higgs, which | before decaying would leave unusual signa- ‘ ‘
tors, some researche Next week, they | in a trillionth of a nanosecond can decay | tures: kinked or offset tracks, or jets that
will gather at the LHC's home, CERN, the | into, among other things, a pair of photons | emerge gradually instead of all at once.
particle physics laboratory near | or two “jets” of lighter particles Standard data analysis often assumes
Switzerland, to discuss how to Long-lived particles, howe would | such oddities are mistakes and junk, notes
capture them. They argue the LHC’s next | zip through part or all of the detector be- | Tova Holmes, an S member from the
run should emphasize such searches, and | fore decaying. That idea is more than a | University of Chicago in Illinois who is
some are calling for new detectors that | shot in the dark, says Giovanna Cottin, | searching for the displaced tracks of decays

ic

could sniff out the fugitive particle
It's a push born of anxiety. In 2012, experi-
menters at the $5 billion LHC di

a theorist at National Taiwan University
in Taipei. “Almost all the frameworks for
bevondak

the Higgs boson, the last particle predicted

y ard-model physics predict
the existence of long-lived particles” she

from long-lived supersymmetric particl
a bit of a challenge because the way
we've designed things, and the software
people have written, basically rejects these

A Hirsch on the
hunt!
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Growing collaborations with the Chileans ! ...
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But focused mostly on work :P el Chile 2019




2020 - 2021 - 2022

Along came a worldwide pandemic ...

e And a first faculty job for me (2020)
e And new collaborations !
e And a more systematic way to
understand LLPs in neutrino mass models

e And many more lessons from Martin Chile-China-Espania
6 members
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Full simulation (solid lines) in R. Beltran, et al, JHEP 01 (2023) 015
Reinterpretation (dashed lines)in R. Beltran, et al, JHEP 05 (2023) 031
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We met again in Santiago !
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But again, mostly work !
@HEP2023 and 1st SAPHIR
ARM23

“Iam a
Model Killer”
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2023 - 2024

e A new faculty job for me (2023)

e A new project connecting LLPs with neutrino
masses and dark matter phenomenology !

¢ And much more knowledge from Martin

@James Webb Telescope
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https://link.springer.com/article/10.1007/JHEP08(2022)023

10 papers with 606 citations (~half from LLP whitepaper)
~100 zoom hours !

Not so many sours !

Hopefully a much longer lived collaboration !
With cool physics and more fun :-)

2024 + ?

Martin, it is an honor to be your collaborator! Thanks for sharing your passion for physics, your
knowledge, your assertiveness, your laughs, your patience, your respect, your wisdom and for
making us better scientists !
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Long-lived charged particles and multilepton signatures
from neutrino mass models

Carolina Arbeléez,"” Giovanna Cottin®,>" Juan Carlos Helo®,™* and Martin Hirsch™*
"Universidad Técnica Federico Santa Maria and Centro Cientifico Tecnoldgico de Valparaiso CCTVal
Av. Espaiia 1680, Casilla 110-V, Valparaiso 2340000, Chile
Departamenio de Ciencias, Faculiad de Artes Liberales, Universidad Adolfo Ibdiiez,
Diagonal Las Torres 2640, Santiago 7941169, Chile
*Departamento de Fisica, Facultad de Ciencias, Universidad de La Serena,

Avenida Cisternas 1200, Casilla Postal 554, La Serena, Chile
*Instituto de Fisica Corpuscular (CSIC-Universitat de Valéncia), Apdo. 22085, E-46071 Valencia, Spain
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Lepton number violation (LNV) is usually searched for by the LHC collaborations using the same-sign
dilepton plus jet signature. In this paper, we discuss multilepton signals of LNV that can arise with
experimentally interesting rates in certain loop models of neutrino mass generation. Interestingly, in such
models, the observed smallness of the active neutrino masses, together with the high multiplicity of the
final states, leads in large parts of the viable parameter space of such models to the prediction of long-lived
charged particles, which leave highly ionizing tracks in the detectors. We focus on one particular one-loop
neutrino mass model in this class and discuss its LHC phenomenology in some detail.

DOL: 10.1103/PhysRevD.101.095033
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II. MODEL

For our numerical results, we will concentrate on a
specific model variant; the neutrino mass diagram is shown
in Fig. 1. The model introduces a vectorlike fermion pair,
(F,F) = (F125/2 Fi,_s)). Here and everywhere else in
this paper, subscripts in the gauge basis denote the trans-
formation properties and charge under the SM gauge group
in the order SU(3) x SU(2), x U(1)y. In the numerical
implementation, we use three copies of (F, F'), one for each
lepton generation. We note, however, that neutrino data
could already be explained with just one copy of (F, F).
The model also has two new scalars, S; =381,
and S3 = Sl,3,3'

The Lagrangian of the model is given by

L = Loy —mpFF — h,,eeS] — hpLFS! — hyLFS,
—m3 |81 * — m3 |S5]* + | H|*|S)|?
+ (Asa|HTH||STS3] + Asp | HS3HTST|) + 4| S |4
— AsHHS,S} + (A6aS5S31? + Aep|S3S8353S5)
+ 47|81 785> (1)
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FIG. 2. Feynman diagrams for the decays H*" — IJI711; and H*" — WW*I{1;.
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Heavy scalar SUBB)c SU(2)r U(1l)y | Operator | Matching relation

Leptoquark Sy 3 1 ~1/3 | Ogune Cajz{éve _ ng.Zue
2m5d
c
Leptoquark Sg 3 2 1/6 | Oraon Lng _ gdLgQN
O CLNQd _ 9LN3Qd
LNQd A2 5

L
Inert doublet ® 1 2 1/2

CQuNL _ 9QugLN
= 2
A2 mg

OgunNL

Table 2. Heavy scalars with their gauge quantum numbers and the four-fermion single-Ng op-
erators they can generate. The last column reports the tree-level matching relations between the
Wilson coefficients and the couplings of the UV model.
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HNL DV Strategy first proposed in G. Cottin, J.C. Helo and M. Hirsch, PRD 98 (2018
Updated in R. Beltran, G. Cottin, J.C. Helo, M. Hirsch, A. Titov, Z.S. Wang, JHEP 01 (2022) 044
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.035012
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Beyond Minimal HNL
HNL production occurs via meson decays for my <5 GeV
We can study them systematically in an EFT approach

HNLs in EFT with LLPs at the LHC
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For operators with pairs of HNL

e  Production dominated by the operator

HNLs decay only via mixing with the active neutrinos

e DV strategy proposed for ATLAS inner tracker (similar
than for minimal HNL model)

e  Probability of displaced decay in fiducial volume in far
detectors (extending model space coverage)

G. Cottin, J. C. Helo, M. Hirsch, A. Titov, Z. S. Wang, JHEP 09 (2021) 039
Majorana HNL, i /A% = cgN/A2 = cll /A? =1/(2 TeV)?
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Reinterpretation method

R. Beltran, G. Cottin, M. Hirsch, A. Titov, Z. S. Wang, JHEP 05 (2023) 031, arXiv:2302.03216

limits from minimal HNL
(mNy |‘/€N|2’ NS)

Full Monte Carlo simulation (compute decay probabilities at each detector)

LLP produced from same (or similar) meson D/B
lab-frame decay lenght >> distance from IP to detector

reinterpreted limits in EFT (HNL/ALP)

(mN, C7 NS),/(ma, Cee, NS) P(/is. ~ Dyis. -

Only theoretical input (LLP production and decay)
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