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LLPs signals at neutrino experiments

J. Hernandez-Garcia

Neutrinos are feebly-interacting particles 
• intense sources needed
• large detectors needed

Generally lower backgrounds if

LLPs decays  scale with detector volume→

Interactions  scale with detector mass→

02/20

• Detector has low density/mass

• decays can be fully reconstructed ⇒
instrumented detector (ECAL, magnetic field, …)

LDW2025



Phenomenology of Heavy Neutral Leptons

J. Hernandez-Garcia

Experimental results shown single flavor dominance  HNL coupled to one flavor at a time: 

             

 dominance                                            dominance                                            dominance

⇒

|UeN |2 : |UμN |2 : |UτN |2 = 1 : 0 : 0 |UeN |2 : |UμN |2 : |UτN |2 = 0 : 1 : 0 |UeN |2 : |UμN |2 : |UτN |2 = 0 : 0 : 1
e μ τ

Origin of neutrino masses and 
mixings

Heavy Neutral Leptons (HNLs)

Minimal model:  HNLs needed. 
Phenomenology given by  

 free parameters:  
• HNL mass,   
• mixing with three , 

2

4
MN

να UαN

HNL mixes with active neutrinos 

 να = ∑
i

Uαiνi + UαNN

 weaker than weak 
interaction

UαN ≪ 1 ⇒

HNL CC and NC interactions: 

 ℒN,int ⊃ −
mW

v
NU*αNγμℓLαW+

μ

−
mZ

2v
NU*αNγμνLαZμ
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Present bounds in the HNL mass window up to  GeV led by peak searches and beam-dump experiments ∼ 2

Heavy Neutral Leptons: present bounds
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Bounds from on-going and near future experiments. 
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The ICARUS experiment at SBN

J. Hernandez-Garcia

Exposed to the Booster Neutrino Beam (BNB) produced from 8 GeV protons from the booster

Proposed to: 

• Clarify LSND and MiniBooNE 
anomalies 

• Explore sterile neutrino in the eV 
mass scale

Short-Baseline Neutrino (SBN)

BooNEμ

Three liquid Ar TPCs

ICARUS

Taking data since 2015

Baseline:  m110

 tons760

 tons170

  2015 − 2021 2021

2024

 tons270

Baseline:  m600

Baseline:  m470

SBND
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ICARUS 

 tons of Ar760

-beamν BNB

BooNE 

 tons of Ar

μ

170

SBND 

 tons of Ar270
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Experimental setup: SBN
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-beamν BNB

-beamν

NuMI

ICARUS is also exposed to the NuMI -beam. 

NuMI:  GeV protons from main injector against graphite target, accumulating  PoT/year.

ν

120 6.6 ⋅ 1020

J. Hernandez-Garcia
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C. Rubbia (ICARUS-WA104, LAr1-ND, MicroBooNE), (2015)

Experimental setup: BNB and NuMI
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Experimental setup: BNB and NuMI

NuMI downward 
inclination          

 mrad57

Off-axis NuMI flux 
crossing ICARUS 

 mrad400
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HNLs could be produced via meson decay at the beam-dump experiment beam 

HNLs at beam-dump experiments 
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Nev = NMBR(M → N)BR(N → vis)ϵdet ∫ dS∫ dEΨP(cτN /MN, EN, ΩN)
dnM→N

dSdEN

The number of decay events
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experiment-dependent
quantities
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The number of decay events

HNL
production
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Three sets of simulations are needed in order to estimate the number of events:
• Meson production at the target station: we consider the mesons with relevant branching fraction to neutrinos 

- : GEANT  simulations including the interaction of  GeV protons on the graphite target, the 
production of mesons, and the re-interaction and focusing in the magnetic horns (G NuMI)
π± & K± 4 120

4

HNLs could be produced via meson decay at the beam-dump experiment beam 

J. Hernandez-Garcia

<latexit sha1_base64="KxVe+U6ORkyy1nILF85osY9wKnk="></latexit>

L. Aliaga Soplin, Neutrino Flux Prediction for the NuMI Beamline, Ph.D.
<latexit sha1_base64="vsDFmbQRKDNlk3d+ceFtM/TQjZE="></latexit>

thesis, William-Mary Coll. (2016)

The simulations

LDW2025 09/20



targetp
M → N

HNL
production

HNL
propagation

meson
production

π, K, D, Ds, . . .

N → vis

HNL
decay

detector

N
M

Sdet

ℓdet Δℓdet

• Meson production at the target station: we consider the mesons with relevant branching fraction to neutrinos 
- : GEANT  simulations including the interaction of  GeV protons on the graphite target, the 

production of mesons, and the re-interaction and focusing in the magnetic horns (G NuMI) 
- : simulated with GEANT  + Pythia8

π± & K± 4 120
4

D±, D±
s & τ± 4
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• Meson production at the target station: we consider the mesons with relevant branching fraction to neutrinos 
• MonteCarlo simulations of HNL production and HNL decay:

Interfacing the model file with an event generator allows for the simulation of fully differential event distributions.

HNLs could be produced via meson decay at the beam-dump experiment beam 

J. Hernandez-Garcia

We use a FeynRules model file that contains effective op. describing interactions between light mesons and HNL.

https://feynrules.irmp.ucl.ac.be/wiki/HNLs

Three sets of simulations are needed in order to estimate the number of events:

The simulations
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The simulations of HNL fluxes were performed with HNLux:

Meson fluxes

MadGraph events
HNL production

MadGraph events
HNL decay

HNLux

Detector geometry

HNL fluxes and distributions
of its decay products without
approximations in HNL mass
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The HNL sensitivity line shows a characteristic shape coming from:

• Meson production yield  NM
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The shape of the sensitivity line

- proton  

- luminosity (PoT) 

- target material/geometry

E
Nπ > NK > ND ⇒

different regions

region region region
π K D

|UαN |2
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The shape of the sensitivity line
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 only via , and  decays  less sensitivity due to suppressed production yield |UτN |2 D/Ds → τ τ ⇒

LDW2025 11/20

|UαN |2

MN



CLNex
ev < 2.3 ⇒ 90 %

HNL sensitivity: signal only

•  PoT from NuMI beam   by end of 1.32 ⋅ 1021 ⇒ ∼ 2026

•  signal efficiency100 %

Following the Feldman and Cousins prescription for a Poisson distribution with no background: 
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The impact of the background
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The dominant background comes from the CC and NC SM neutrino interactions with the . 

If we focus on HNL decay channels with higher BR, we can distinguish among the following three topologies:

40Ar
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The dominant background comes from the CC and NC SM neutrino interactions with the . 

If we focus on HNL decay channels with higher BR, we can distinguish among the following three topologies: 

• Channels with two -like tracks

40Ar

μ

N → π+μ−

N → μ+μ−ν

Single pion production from  
resonant or coherent nucleus scattering

νμ

Charm production in CC deep inelastic 
 nucleus scattering (suppressed)νμ

Decay channel Main source of background

The impact of the background

N → ρ+μ−, π+π0μ−

N → ρ0ν, π+π−ν
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The dominant background comes from the CC and NC SM neutrino interactions with the . 

If we focus on HNL decay channels with higher BR, we can distinguish among the following three topologies: 

• Channels with one -like track/shower and one -like track

40Ar

e μ

N → π+e−

N → μ+e−ν

Single pion production from  
resonant or coherent nucleus scattering

νe

Charm production in CC deep inelastic 
 or  nucleus scattering (suppressed)νe νμ

Decay channel Main source of background

N → ρ+e−, π+π0e−*
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The impact of the background
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The dominant background comes from the CC and NC SM neutrino interactions with the . 

If we focus on HNL decay channels with higher BR, we can distinguish among the following three topologies: 

• Channels with two -like tracks/showers

40Ar

e

N → π0ν, 2γν

N → e+e−ν

Single pion production from NC 
resonant nucleus scattering

Charm production in CC deep inelastic 
 nucleus scattering (suppressed)νe

Decay channel Main source of background
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The impact of the background
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Momentum distributions of signal and background very different. 

HNLs come from meson decays produced at the target  HNLs highly boosted: 

• Low reconstructed transverse momentum  

• Small angle  between -like tracks 

⇒

pT

θ μ

J. Hernandez-Garcia

Kinematical cuts
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Momentum distributions of signal and background very different. 

HNLs come from meson decays produced at the target  HNLs highly boosted: 

• Low reconstructed transverse momentum  

• Small angle  between -like tracks 

⇒

pT

θ μ

By applying kinematical cuts:  

• Bkg. rej. eff. up to  

• Signal eff. up to 

≃ 90 %

≃ 92 %

J. Hernandez-Garcia

Kinematical cuts
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• Solid purple line: F&C analysis assuming no background

J. Hernandez-Garcia

Combining the channels with two -like tracksμ

HNL sensitivity: signal + background
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• Dashed purple line: unbinned Gaussian  analysis including both signal and bkg after event kinematical cutsχ2

J. Hernandez-Garcia

Combining the channels with two -like tracksμ

• Solid purple line: F&C analysis assuming no background

HNL sensitivity: signal + background
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• Pink band: signal efficiency cut to the negligible background case that covers the signal + bkg result(15, 30) %

J. Hernandez-Garcia

Combining the channels with two -like tracksμ

• Dashed purple line: unbinned Gaussian  analysis including both signal and bkg after event kinematical cutsχ2

• Solid purple line: F&C analysis assuming no background

HNL sensitivity: signal + background
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CL ICARUS-like expected bounds assuming  PoT 90 % 1.32 ⋅ 1021

• Pink band: signal efficiency cut  conservative limit(15, 30) % ⇒

Combining leading HNL decay channels and following the Feldman and Cousins prescription ⇒

J. Hernandez-Garcia

HNL sensitivity: ICARUS over present constraints 

• Green line: signal only
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CL ICARUS-like expected bounds assuming  PoT 90 % 1.32 ⋅ 1021

• Pink band: signal efficiency cut  conservative limit(15, 30) % ⇒

Combining leading HNL decay channels and following the Feldman and Cousins prescription ⇒

J. Hernandez-Garcia

HNL sensitivity: ICARUS over present constraints 

• Green line: signal only

Sensitivity results compatible with arXiv: 2409.04394
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Summary

J. Hernandez-Garcia 20/20

• We have computed, for the first time, the expected sensitivity of ICARUS to HNLs from NuMI. 

• ICARUS shows potential for testing unexplored regions of the HNL parameter space. 

• The ICARUS collaboration should analyze the data accumulated by the end of  and perform a 
full dedicated analysis

2026
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• We have computed, for the first time, the expected sensitivity of ICARUS to HNLs from NuMI. 

• ICARUS shows potential for testing unexplored regions of the HNL parameter space. 

• The ICARUS collaboration should analyze the data accumulated by the end of  and perform a 
full dedicated analysis

2026

Summary
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LDW2025 20/20



This research is supported by the EU H2020 research and innovation programme under the MSC grant agreement 
No 860881-11 HIDDeN, as well as by the Spanish Ministerio de Ciencia e Innovación project PID2020-113644GB-I00, 
the Spanish Research Agency (Agencia Estatal de Investigación) through the project CNS2022-136013, and Severo 
Ochoa Excellence Program CEX2023-001292-S.



Back-up



A major power failure of a transformer on the NuMI beam line at the end of August  stopped its activity.2024

Status of NuMI after 2024 power failure

J. Hernandez-Garcia

As a result, NuMI is not running, and its continuation until the end of  is not yet clear.2026

From  on, Fermilab will focus on the LBNF beam line for DUNE.2027

ICARUS has so far collected  PoT  roughly half of what was assumed for our results (  PoT).∼ 6 ⋅ 1020 ⇒ 1.32 ⋅ 1021

If NuMI resumes its activity during , ICARUS could still collect  PoT.2026 ∼ 1.32 ⋅ 1021

Otherwise, our sensitivity results should be corrected by a factor of .∼ 2

LDW2025
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Leptonic and semileptonic meson decays

Heavy Neutral Leptons: production and decay

• HNL production • HNL decay

5

Figure 1. Sketch of the experimental configuration considered in this work. The top view (upper panel), and side view (lower
panel) correspond to the xIzI and yIzI projections of the ICARUS set of coordinates, respectively. Drawn to scale.

N !

|UeN |2
ee⌫ µµ⌫ eµ⌫ e hadr. ⌫ hadr.

⌫⇡0 e⇡ e⇢ �

|UµN |2
ee⌫ µµ⌫ eµ⌫ µ hadr. ⌫ hadr.

⌫⇡0 µ⇡ µ⇢ �

|U⌧N |2
ee⌫ µµ⌫ � � ⌫ hadr.

⌫⇡0 � � ⌫⇢0

Table III. List of the most relevant N decays into SM particles.

Graph5 event of N decay is then selected. The momen-
tum of the HNL decay products are then computed in
the lab frame. Also a random point inside the trajectory
crossing the detector is selected, which defines the co-
ordinates where the HNL decays into the corresponding
decay products of the channel considered in the simula-
tions.

B. Background events

The primary background source in this search will be
CC and NC interactions of SM neutrinos from the NuMI
⌫-beam with the 40Ar nuclei within the active volume of
the ICARUS TPCs. Other potential background sources;
such as neutrino interactions with rock or cosmic muons,
are expected to be negligible in comparison, as the re-
sulting events will generally not align with the direction
of the beam. The Genie [89] Monte Carlo neutrino event
generator and the public NuMI light neutrino flux files
have been used to simulate events of ⌫↵-40Ar interactions.
At these energies the main processes to be considered are:

• Single charged pion production from ⌫↵ resonant or
coherent scatterings with 40Ar nuclei. The signa-
ture of this process is ⇡+`�↵ , where ↵ denotes the
flavor of the incoming active neutrino.

• Single neutral pion production from ⌫↵ NC reso-
nant scatterings with 40Ar nuclei.

• Charm production in CC deep inelastic ⌫↵-40Ar nu-
cleus scattering (DIS). The subsequent prompt de-
cay of the charm meson will produce an additional

Visible HNL decay channels with higher branching ratio
<latexit sha1_base64="QGsMBaSjI6Q5Q74xTlyDp/9I4R8="></latexit>
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— — — — — ⇡⇡0N

— — — — — e⌫N

— — — — — µ⌫N
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Prescription for a Poisson distribution with no 
background and under the hypothesis of no events 
being observed

Statistical analisys

• Feldman and Cousins • Unbinned Gaussian χ2

where  is the total expected event rate 
including both signal and background events, and 

 is the observed events; with the uncertainty on 
the flux normalization, , taken as , and 

  is the statistical error.

Nex(ϕ, ξ)

Nob(ξ)
σf 20 %

σN(ξ) = Nob(ξ)

J. Hernandez-Garcia

 CLχ2 < 4.61 , for 90 %

 χ2 = minξ{( Nex(ϕ, ξ) − Nob(ξ)
σN(ξ) )2 + ( ξ

σf
)2}

 CLNex(ϕ) < 2.44 , for 90 %
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Kinematical cuts
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Present and nHNL sensitivity: present and near-future

J. Hernandez-Garcia

Expected sensitivities assuming signal only (no background)

 years of ICARUS NuMI ( ).  years of DUNE Phase II ( ).  years of SHiP ( ).2 2026 4.5 2040 15 2045
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• Large beam intensity  PoT/year  an expected total of  PoT4 ⋅ 1019 ⇒ ≃ 6 ⋅ 1020

The SHiP experiment

SHiP experiment highlights:

• Expected running time ≃ 2030 − 2045

SHiP

SHiP@ECN3

SHiP experiment – highlights:

– Proton beam with Ep = 400 GeV and a large beam intensity: NPoT,year = 4 · 1019.
Expected running time: ' 2030� 2045

– Background-free experiment for many scenarios

– May search for decays and scattering signatures

See LoI
Maksym Ovchynnikov Overview of SHiP June 13, 2024 27/53

• “Background-free” experiment for many scenarios
• Fully instrumented

• Proton energy of  GeV400

designed for
LLP searches
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HNLs searches: DUNE ND-GAr vs SHiP Excusion potential

Sensitivities to LLPs: exclusion potential II

Excluded

LHCb-downstream300 fb-1
SHiP15 years

0.1 0.5 1 5 10

10-9

10-6

mN [GeV]

U
2

HNLs. Majorana nature, pattern ={1., 0., 0.}

– At the lower bound, SHiP beats Downstream algorithm@LHCb by many orders of
magnitude

– Upper bound and masses & 5 GeV: complementarity
Due to a much higher ratio pmax/zmin and

p
s for Downstream

Maksym Ovchynnikov Overview of SHiP June 13, 2024 40/53

Better sensitivity of DUNE ND-GAr in the  and  regionsπ K

Maksym Ovchynnikov  - Search for new physics at SHiP (IFIC seminar)

DUNE Phase-II  years≃ 4.5
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Maksym Ovchynnikov  - Search for new physics at SHiP (IFIC seminar)
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Similar results for the . Better sensitivity of SHiP in the  since it comes from  decays.|UμN |2 |UτN |2 D
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