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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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https://github.com/mhostert/Heavy-Neutrino-Limits

Heavy Neutral Leptons: present bounds
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E. Fernandez-Martinez, M. Gonzalez-Lopez, JHG, M. Hostert, J.
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Lopez-Pavon. JHEP 09 2023 001

Present bounds on the HNL mixing from  oscillations, kinks in beta-decay, peaks in meson decays, beam-dumps, 
colliders, and non-unitarity of the PMNS.
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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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Extracting  GeV protons from SPS400

ProtoDUNE setup at SPS
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ProtoDUNE setup at SPS
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NP02 and NP04 
 Foreseen 

placement in H1N1 
extension, in two 
pits

 ~770 tons each
 ~10x10x10m

09/09/2016 Neutrino Platform NOW2016 15
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Two ProtoDUNE detectors at Neutrino Platform

•  LAr horizontal drift (HD) TPC 

•  LAr vertical drift (VD) TPC

NP04

NP02

 platfo
rm

ν
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See talk by A. Roche
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https://indico.ific.uv.es/event/8035/contributions/29121/attachments/14443/21036/CPAN_2025_ProtoDUNEs.pdf
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BSM at ProtoDUNE: the original idea

Can we use the existing ProtoDUNE detectors as a beam-dump to search for LLPs? 

Pheno study showing promising results: P. Coloma, J. López-Pavón, L. Molina-Bueno and S. Urrea, JHEP  ( ) 

Several approximations: 

• beam simulation: Pythia8  + TAX, but no all the light mesons included 

• sensitivity results at level of number of events 

- No bkg considered.  flux expected to be negligible due to magnets after  

- No trigger and reconstruction efficiencies 

01 2024
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Working group formed  December to study the feasibility of the proposal and demonstrate the proof-of-
principle at  and  

Challenges: 

• Detector at the surface: can we reject cosmics? 

• Full bkg estimation: Are there other beam-related sources? 

• Can we trigger on the events coming from the  target? 

• Which topologies are we able to reconstruct and with which efficiency?

2023
NP02 NP04

T2

BSM at ProtoDUNE: feasibility study
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Timescale considered

06/20

• Run parasitically at SPS (not interfering with other experiments at / ) 

• Proton run at SPS can be up to  months depending on the year 

• We consider  years to collect  PoT

H4 H2

6

5 1.75 ⋅ 1019
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targetp
M → Ψ

LLP
production

LLP
propagation

meson
production

π, K, D, Ds, . . .

Ψ → vis

LLP
decay

detector

Ψ
M

Sdet

ℓdet Δℓdet

Simulating LLP decays at ProtoDUNE

Three sets of simulations are needed:

• Meson production at : we consider the mesons with relevant branching fraction to LLPs 

• LLP production 

• LLP decay

T2

LLPs could be produced via meson decay at the beam-dump experiment beam 
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Meson production

• Meson production at the target station: we consider the mesons with relevant branching fraction to neutrinos 
- π±, K±, K0

L & K0
S

‣ Meson fluxes produced with exact magnetic field settings for  configurations: ,  and  
‣ Results validated against Pythia8 considering only the initial proton interaction

3 w000 w133 wNP04

Full GEANT  based simulation including the main  target area elements 4 T2

J. Hernandez-Garcia XVII CPAN DAYS 08/20
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Meson production

• Meson production at the target station: we consider the mesons with relevant branching fraction to neutrinos 
- π±, K±, K0

L & K0
S

Full GEANT  based simulation including the main  target area elements 4 T2
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- D±, D±
s & τ±

Heavy mesons simulated with Pythia8 considering only the initial proton interaction

T2

TAX

P. Coloma, J. López-Pavón, L. Molina-Bueno and S. Urrea, JHEP  ( )01 2024
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Leptonic and semileptonic meson decays

Heavy Neutral Leptons: production and decay

• HNL production • HNL decay
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Figure 1. Branching ratios for the heavy N4 as a function of its mass, obtained under the as-
sumption of same mixing to all flavors (|Ue4|

2 = |Uµ4|
2 = |U⌧4|

2). Left (right) panels correspond to
decays without (with) light neutrinos in the final state. The decay channels into semileptonic final
states are not shown, as their branching ratio is expected to be negligible for the range of masses
considered here.

the HNL decays to 3 or more mesons. We have tested this procedure for the ⌧ decays and
reached good agreement with its tabulated branching ratios.

Figures 1 and 2 show the branching ratios for the di↵erent decay channels of the heavy
neutrino, as a function of its mass, for two di↵erent cases: degenerate mixings to all lepton
flavors (|Ue4|

2 = |Uµ4|
2 = |U⌧4|

2), and in the case when only one of the mixing matrix
elements is non-zero. The labels `

⌥hadr. and ⌫hadr. stand for N4 decays, mediated by
charged and neutral currents respectively, with 3 or more mesons in the final state.

5.4 Discrepancies with previous literature

The decay widths of a HNL into mesons, neutrinos and leptons have been derived several
times in previous literature; for an incomplete list see e.g. Refs. [28, 39, 49, 53, 66, 73].
Here we summarize the main discrepancies and di↵erences found between our results and
some of these works:

1. Overall, we find a relatively good agreement with Ref. [66] for the meson decay
constants and for most vertices involving heavy neutrinos, with the exception of the
couplings to ! and � mesons, for which we find di↵erent expressions in terms of
sin2 ✓w (see our Tab. 4, in comparison with Tab. 9 in Ref. [66]).

2. We find that the expressions in Ref. [49] for the HNL decay into vector mesons have
an extra factor 2 with respect to our results, both for the neutral and the charged
channels. Also, their expressions for the decay into neutral vector mesons seem not
to include a dependence on sin2 ✓w (see our definitions for gV in Tab. 4). Finally,
there are significant di↵erences in the values reported in Ref. [49] for the neutral
pseudoscalar meson decay constants f⌘ and f⌘0 .

3. We find that the expressions for the HNL decay into a light neutrino and a neutral
pseudoscalar meson in Refs. [28, 73] have an extra factor 2 in the denominator, as
the authors of Ref. [66] pointed out.

– 18 –
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Leptonic and semileptonic meson decays

Heavy Neutral Leptons: production and decay

• HNL production
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Effective operators describing interactions between light mesons and HNL included in a FeynRules model file

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

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

• HNL decay
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Heavy Neutral Leptons: signal sensitivity

CLNex
ev < 2.3 ⇒ 90 %Following the Feldman and Cousins prescription for a Poisson distribution with no background: 
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Figure 5. Expected sensitivity of the proposed setup to Heavy Neutral Leptons (HNLs) at 90% C.L., separated by detection
channel. In each panel, results are obtained setting the remaining mixing parameters to zero, assuming backgrounds can be
reduced to a negligible level and for perfect detector efficiency.
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•  years of data taking   PoT from SPS   by end of 5 ⇒ 1.75 ⋅ 1019 ⇒ ∼ 2033

• CL assuming no background and  signal efficiency90 % 100 %

Combining the HNL decay channels:

Heavy Neutral Leptons: signal sensitivity
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ALPs could be coupled to the SM via different sets of effective operators. Gluon dominance scenario:

Axion Like Particles: signal sensitivity
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αS
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aGb

μνG̃bμν

• ALP production via  mixingπ0, η, η′￼

• ALP decay
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FIG. 2. Main ALP decay widths (left) and branching ratios (right) for the gluon dominance scenario in
Eq. (6), as a function of its mass. These have been computed following Ref. [51] (see also Ref. [50]).

Although the operators included in Eq. (8) are flavor conserving, the O� and OW operators can
induce flavor-changing neutral current (FCNC) processes at one loop, as detailed, for instance, in
Refs. [54–56]. For this scenario, the mechanism of production we consider will be kaon decays
to ALPs (K ! ⇡a), in line with our past work in Ref. [13]. The corresponding width can be
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In Ref. [13] we computed the running of the couplings from ⇤ = 1 TeV down to µ = 2 GeV,
following Ref. [59]. This leads to the following matching condition for the e↵ective coupling
entering the decay width:
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c�(⇤) � 3.5 ⇥ 10�5
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We note that a similar e↵ective coupling is generated in this class of models for the decay B ! Ka;
however, the production of B mesons is insu�cient at DUNE and will not be considered here.

ALPs produced from kaon decays will have a kinematical threshold at ma < mK � m⇡ ⇠

355 MeV. In this mass window, the ALP can only decay into photons or light charged leptons
pairs (e and µ). The decay width for the di-photon decay channel is given by
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Although the operators included in Eq. (8) are flavor conserving, the O� and OW operators can
induce flavor-changing neutral current (FCNC) processes at one loop, as detailed, for instance, in
Refs. [54–56]. For this scenario, the mechanism of production we consider will be kaon decays
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In Ref. [13] we computed the running of the couplings from ⇤ = 1 TeV down to µ = 2 GeV,
following Ref. [59]. This leads to the following matching condition for the e↵ective coupling
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We note that a similar e↵ective coupling is generated in this class of models for the decay B ! Ka;
however, the production of B mesons is insu�cient at DUNE and will not be considered here.
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Although the operators included in Eq. (8) are flavor conserving, the O� and OW operators can
induce flavor-changing neutral current (FCNC) processes at one loop, as detailed, for instance, in
Refs. [54–56]. For this scenario, the mechanism of production we consider will be kaon decays
to ALPs (K ! ⇡a), in line with our past work in Ref. [13]. The corresponding width can be
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In Ref. [13] we computed the running of the couplings from ⇤ = 1 TeV down to µ = 2 GeV,
following Ref. [59]. This leads to the following matching condition for the e↵ective coupling
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We note that a similar e↵ective coupling is generated in this class of models for the decay B ! Ka;
however, the production of B mesons is insu�cient at DUNE and will not be considered here.
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Although the operators included in Eq. (8) are flavor conserving, the O� and OW operators can
induce flavor-changing neutral current (FCNC) processes at one loop, as detailed, for instance, in
Refs. [54–56]. For this scenario, the mechanism of production we consider will be kaon decays
to ALPs (K ! ⇡a), in line with our past work in Ref. [13]. The corresponding width can be
computed using the a�PT Lagrangian [53, 57]:

�(K ! ⇡a) =
m

3
K |[kQ(µ)]sd|2

64⇡f2
a

f0

�
m

2
a

�
�
1/2(1, m

2
a/m

2
K , m

2
⇡/m

2
K)

✓
1 �

m
2
⇡

m2
K

◆2

, (9)

where f0 is the scalar form factor1 and

�(a, b, c) = a
2 + b

2 + c
2

� 2ab � 2ac � 2bc . (10)
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following Ref. [59]. This leads to the following matching condition for the e↵ective coupling
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 ℒint ⊃ A′￼μ (gD𝒥μ
iDM − eϵ𝒥μ

EM)

• iDM production via pseudoscalar & vector meson decay

• iDM detection

Inelastic Dark Matter: signal sensitivity

  h.c.  purely off-diagonalχ1γμχ2+

Scattering inside the detector Decay of the heavier state  

Signature at the detector
We consider three possible signatures:

Scattering + decay (double bang)

8

- Scattering inside detector

16

Sensitivity from ProtoDUNE: 
Scattering

Dark matter reaches the 
detector, where it scatters with 
the electrons inside.

11

PRELIMINARY

Large background expected

Extend the SM with a dark  and two Majorana fermions. After diagonalizing the kinetic mixing term:U(1)

See talk by S. Bianco

https://indico.ift.uam-csic.es/event/29/contributions/452/attachments/248/353/LDW2025_SaraBianco.pdf


→ The heavier iDM state decays 
within the detector's fiducial 
volume.

→ Decay length must fall within 
a specific range to ensure the 
decay occurs inside the 
detector

18

Sensitivity from ProtoDUNE: 
Decay

13

Extend the SM with a dark  and two Majorana fermions. After diagonalizing the kinetic mixing term:U(1)
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• iDM production via pseudoscalar & vector meson decay

• iDM detection

Inelastic Dark Matter: signal sensitivity

- Decay inside detector

PRELIMINARY

Less background expected

 ℒint ⊃ A′￼μ (gD𝒥μ
iDM − eϵ𝒥μ

EM)
  h.c.  purely off-diagonalχ1γμχ2+

→ The heavier iDM state decays 
within the detector's fiducial 
volume.

→ Decay length must fall within 
a specific range to ensure the 
decay occurs inside the 
detector

18

Sensitivity from ProtoDUNE: 
Decay

13

See talk by S. Bianco

https://indico.ift.uam-csic.es/event/29/contributions/452/attachments/248/353/LDW2025_SaraBianco.pdf


19

Sensitivity from ProtoDUNE: 
Combined signal

→ Lighter DM state up-scatters 
inside the detector.

→ Excited state decays promptly, 
producing a double-bang 
signature.

14

Extend the SM with a dark  and two Majorana fermions. After diagonalizing the kinetic mixing term:U(1)
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• iDM production via pseudoscalar & vector meson decay

• iDM detection

Inelastic Dark Matter: signal sensitivity

- Scattering + decay inside detector (double bang)

PRELIMINARY

Background free?

 ℒint ⊃ A′￼μ (gD𝒥μ
iDM − eϵ𝒥μ

EM)
  h.c.  purely off-diagonalχ1γμχ2+
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Sensitivity from ProtoDUNE: 
Combined signal
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inside the detector.

→ Excited state decays promptly, 
producing a double-bang 
signature.

14

See talk by S. Bianco

https://indico.ift.uam-csic.es/event/29/contributions/452/attachments/248/353/LDW2025_SaraBianco.pdf


The impact of the background on the sensitivity has to be considered

• Background from cosmics:

Preliminary results show that by filtering events that are not horizontal, we reject most cosmics at the trigger level

Impact of the background
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The impact of the background on the sensitivity has to be considered

• Beam related:  fluxν

• Background from cosmics:

 interactions with Ar of the TPC produce particles in the final state that mimic the decay products of the HNL signal 
 dominant background. For instance:

ν
⇒

Preliminary results show that by filtering events that are not horizontal, we reject most cosmics at the trigger level

 vs CC interaction -ArN → πμ νμ
40 → πμ

Impact of the background

J. Hernandez-Garcia XVII CPAN DAYS

 vs NC interaction -ArN → π0νμ νμ
40 → π0νμ

16/20



Expected energy distribution of the light neutrinos crossing NP04

Energy distributions of  fluxes crossing NP04νe

Check back-up slides for energy distribution of  fluxes.νe

Status of neutrino flux studies

Check back-up slides for energy distribution of  fluxes.νμ

Energy distributions of  fluxes crossing NP04νμ

Status of neutrino flux studiesLight neutrino bkg: energy distribution

J. Hernandez-Garcia 17/20XVII CPAN DAYS
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These fluxes can be passed to GENIE to simulate the - Ar interactions in NP . ν 40 04• Ar and  Ar CC (left) and NC (right) interaction eventsνe−40 νe−40

Energy distribution of interaction events
Status of neutrino flux studies

• Ar and  Ar CC (left) and NC (right) interaction eventsνμ−40 νμ−40

Energy distribution of interaction events
Status of neutrino flux studies

expected weekly  

# of  interactions ν

Neutrino interactions with Argon in NP04

Number of neutrino interactions per week:   PoT1.5 ⋅ 1017

Caveats: efficiency assumed, and full energy spectrum considered.100 %

Check back-up slides for total neutrino interactions expected in  years  (  PoT)5 1.75 ⋅ 1019

Status of neutrino flux studies

<latexit sha1_base64="tyyBHTpY4UQWD7MqmiUVEVO6FjY="></latexit>

Weekly interactions

w000 w133 wNP04

⌫e-40Ar � CC 120 65 162

⌫e-40Ar � NC 38 21 51

⌫e-40Ar � CC 52 28 71

⌫e-40Ar � NC 20 11 27

Total 230 125 311

<latexit sha1_base64="ZBORPaplpvQFmaa4fNc/hFHaYSg="></latexit>

Weekly interactions

w000 w133 wNP04

⌫µ-40Ar � CC 2983 464 2597

⌫µ-40Ar � NC 955 150 823

⌫µ-40Ar � CC 1248 305 1574

⌫µ-40Ar � NC 495 121 615

Total 5681 1040 5609
Bad news for BSM  

searches, but…

Light neutrino bkg: interactions
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These fluxes can be passed to GENIE to simulate the - Ar interactions in NP . ν 40 04• Ar and  Ar CC (left) and NC (right) interaction eventsνe−40 νe−40
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Energy distribution of interaction events
Status of neutrino flux studies

expected weekly  
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Neutrino interactions with Argon in NP04
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could we detect them?

Bad news for BSM  

searches, but…

Light neutrino bkg: interactions
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Neutrino interactions with Argon in NP04

Number of neutrino interactions per week:   PoT1.5 ⋅ 1017
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Check back-up slides for total neutrino interactions expected in  years  (  PoT)5 1.75 ⋅ 1019

Status of neutrino flux studies

<latexit sha1_base64="tyyBHTpY4UQWD7MqmiUVEVO6FjY="></latexit>

Weekly interactions

w000 w133 wNP04

⌫e-40Ar � CC 120 65 162

⌫e-40Ar � NC 38 21 51

⌫e-40Ar � CC 52 28 71

⌫e-40Ar � NC 20 11 27

Total 230 125 311

<latexit sha1_base64="ZBORPaplpvQFmaa4fNc/hFHaYSg="></latexit>

Weekly interactions

w000 w133 wNP04

⌫µ-40Ar � CC 2983 464 2597

⌫µ-40Ar � NC 955 150 823

⌫µ-40Ar � CC 1248 305 1574

⌫µ-40Ar � NC 495 121 615

Total 5681 1040 5609

PRELIMINARY

PRELIMINARY

PRELIMINARY

PRELIMINARY



Proof-of-Principle

Their observation can be the proof-of-principle and the opportunity to study neutrinos at DUNE prototypes.

 small (  week) runs collected at different beam configurations including also no beam at SPS. Only one 
configuration and the one without beam currently under analysis:
8 1

- Interesting sample of events to train DUNE simulations. 

- Several neutrino-like candidate events at  under investigationNP04
Event scanning: 

- Select event only when spill ON 

- Events filtered to reject cosmic and any 
event which are not horizontal 

- Fiducial cut : remove any interaction from 
the surroundings.

Proof-of-principle : “Neutrino like” events @NP04

18

Data acquired with the software trigger with different T2- beam configuration 
( very short test parasitically, no control on beam, only information about H4 
user ) 

“Neutrino like” event @NP04
 Event scanning :  

 Select event only when spill ON 
 Events filtered to reject cosmic 
and any event which are not 
horizontal  
 Fiducial cut : remove any 
interaction from the surroundings.  

Preliminary scanning shows few “neutrino like” events, in a process to validate 
with full 3D reconstruction of the data.

Preliminary : Run# 29424

LLP25, June 2-6,2025,  A.Chatterjee 
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See talk by D. Pullia

https://indico.fnal.gov/event/62284/contributions/307416/attachments/184578/253880/Dario%20Pullia%20-%20Collaboration%20Meeting%20-%20Neutrino%20Searches%20in%20NP04.pdf


• The excellent imaging capabilities and large fiducial volume of the ProtoDUNE detectors make them ideal for 
searching for LLP particles in BSM scenarios without interfering with CERN’s current program. 

• Currently, we are focused on carrying out the feasibility study to demonstrate the proof-of-principle and 
search for HNLs as benchmark process: 

- A test was carried out at  to understand the expected rate and validate the simulations: Preliminary 
neutrino-like events observed but further studies and a full analysis chain are ongoing to understand them 
and their source. Their observation can be the proof-of-principle and the opportunity to study neutrinos at 
DUNE prototypes. 

- We are currently developing all analysis tools for signal and background selection and to validate our 
Monte Carlo simulations with the collected data. 

• Many other LLP scenarios can be exploited: already explored and calculated the sensitivity to ALPs, inelastic 
dark matter, dark scalar,…

NP04

Summary
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• The excellent imaging capabilities and large fiducial volume of the ProtoDUNE detectors make them ideal for 
searching for LLP particles in BSM scenarios without interfering with CERN’s current program. 

• Currently, we are focused on carrying out the feasibility study to demonstrate the proof-of-principle and 
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Monte Carlo simulations with the collected data. 

• Many other LLP scenarios can be exploited: already explored and calculated the sensitivity to ALPs, inelastic 
dark matter, dark scalar,…

NP04

Summary

Thanks!
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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→

• Detector has low density/mass

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

XVII CPAN DAYS



ProtoDUNEs

J. Hernandez-Garcia XVII CPAN DAYS

ProtoDUNE	Horizontal	Drift	(PD-HD)
⟫ 2 active volumes, with 3.6 m drift each, separated with a cathode
⟫ 2 anode plane assemblies (APAs), facing the cathode plane 

assembly (CPA) on each side
⟫ Photon Detection System (PDS) modules, integrated in the APAs:

❖ 40 rectangular (2m length) X-Arapucas modules in total, with 
4 channels each

❖ 48 SiPMs (Hamamatsu or  FBK) per channel

Characteristics

APA

X-Arapucas 
modules

APA
CPA

2m 

6 Andrea	Roche	Fernández	|	ProtoDUNEs
See talk by A. Roche

https://indico.ific.uv.es/event/8035/contributions/29121/attachments/14443/21036/CPAN_2025_ProtoDUNEs.pdf


ProtoDUNEs

J. Hernandez-Garcia XVII CPAN DAYS

Andrea	Roche	Fernández	|	ProtoDUNEs7

ProtoDUNE	Vertical	Drift	(PD-VD)

⟫ 2  active volumes, with 3.4 m drift each, separated by a cathode
⟫ 2 Horizontal Charge Readout Planes (CRPs) facing the cathode on each side
⟫ Photon Detection System (PDS):

❖ 16 square ( ) X-Arapucas modules in total, with 2 channels 
each: 8 on the cathode and 8 on the cryostat wall

❖ 80 SiPMs (Hamamatsu or  FBK) per channel

60x60cm2

Characteristics

PD	modules

Top	CRPs

See talk by A. Roche

https://indico.ific.uv.es/event/8035/contributions/29121/attachments/14443/21036/CPAN_2025_ProtoDUNEs.pdf


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

LLP at beam-dump experiments 

targetp
M → Ψ

LLP
production

LLP
propagation

meson
production

π, K, D, Ds, . . .

Ψ → vis

LLP
decay

detector

Ψ
M

Sdet

ℓdet Δℓdet
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The number of decay events

targetp
M → Ψ

LLP
production

LLP
propagation

meson
production

π, K, D, Ds, . . .

Ψ → vis

LLP
decay

detector

Ψ
M

Sdet

ℓdet Δℓdet

Nev = NMBR(M → Ψ)BR(Ψ → vis)ϵdet ∫ dS∫ dEΨP(cτΨ/mΨ, EΨ, ΩΨ)
dnM→Ψ

dSdEΨ

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

LLP at beam-dump experiments 
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The number of decay events

targetp
M → Ψ

LLP
production

LLP
propagation

meson
production

π, K, D, Ds, . . .

Ψ → vis

LLP
decay

detector

Ψ
M

Sdet

ℓdet Δℓdet

Nev = NMBR(M → Ψ)BR(Ψ → vis)ϵdet ∫ dS∫ dEΨP(cτΨ/mΨ, EΨ, ΩΨ)
dnM→Ψ

dSdEΨ

experiment-dependent
quantities

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

LLP at beam-dump experiments 
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The number of decay events
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The number of decay events
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The number of decay events

targetp
M → Ψ

LLP
production

LLP
propagation

meson
production

π, K, D, Ds, . . .

Ψ → vis

LLP
decay

detector

Ψ
M

Sdet

ℓdet Δℓdet

Nev = NMBR(M → Ψ)BR(Ψ → vis)ϵdet ∫ dS∫ dEΨP(cτΨ/mΨ, EΨ, ΩΨ)
dnM→Ψ

dSdEΨ

LLP
production

LLP
decay

model-dependent
quantities

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

LLP at beam-dump experiments 
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The simulations were performed with HNLux, a tool to simulate HNL fluxes 

Heavy Neutral Leptons: signal simulation

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 simulations were performed with HNLux, a tool to simulate HNL fluxes 

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

Versatility of HNLux. This tool can be adapted to: 

• Other LLP benchmarks by changing the FeynRules model file within the MathGraph simulations, and the 
meson flux prediction.

Heavy Neutral Leptons: signal simulation
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The simulations were performed with HNLux, a tool to simulate HNL fluxes 

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

Versatility of HNLux. This tool can be adapted to: 

• Other LLP benchmarks by changing the FeynRules model file within the MathGraph simulations, and the 
meson flux prediction.

Heavy Neutral Leptons: signal simulation

J. Hernandez-Garcia XVII CPAN DAYS

•  or  by changing the detector geometryNP04 NP02



The same tool can be used to simulate the light neutrino fluxes

Meson fluxes

MadGraph events
 productionν

HNLux  fluxes crossing NDν

Detector geometry

Light neutrino bkg: flux simulation
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<latexit sha1_base64="dNFbhsEy7QNL6m21BHywpmZEWms="></latexit>

https://github.com/mhostert/Heavy-Neutrino-Limits

Heavy Neutral Leptons: present bounds
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E. Fernandez-Martinez, M. Gonzalez-Lopez, JHG, M. Hostert, J.
<latexit sha1_base64="DWWeAj2LkQ57Wd/KS81hbW/hkt8="></latexit>

Lopez-Pavon. JHEP 09 2023 001

Present bounds in the HNL mixing from  oscillations, kinks in beta-decay, peaks in meson decays, beam-dumps, 
colliders, and non-unitarity of the PMNS.

ν
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The HNL sensitivity line shows a characteristic shape coming from:

• Meson production yield  NM

J. Hernandez-Garcia

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

MN
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The HNL sensitivity line shows a characteristic shape coming from:

• Meson production yield  
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BR(M → NℓαX) ⇒ MN ≤ MM − mℓα
− mX MN

BR(N → vis) ⇒ MN ≥ ∑ mvis MN
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The HNL sensitivity line shows a characteristic shape coming from:

• Meson production yield  

•  : upper limit of  

•  : lower limit of 

NM

BR(M → NℓαX) ⇒ MN ≤ MM − mℓα
− mX MN

BR(N → vis) ⇒ MN ≥ ∑ mvis MN

J. Hernandez-Garcia

The shape of the sensitivity line

- proton  

- luminosity (PoT) 

- target material/geometry

E
Nπ > NK > ND ⇒

different regions

region region region
π K D

 only via , and  decays  less sensitivity due to suppressed production yield |UτN |2 D/Ds → τ τ ⇒

|UαN |2

MN
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Heavy Neutral Leptons: signal sensitivity

CLNex
ev < 2.3 ⇒ 90 %Following the Feldman and Cousins prescription for a Poisson distribution with no background: 

J. Hernandez-Garcia XVII CPAN DAYS
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Sterile neutrino oscillations
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See talk by J. Lopez-Pavon
  

● Very small L/E:  standard neutrino oscillations very suppressed.

● Neutrino oscillation signal = New Physics Signal!

1) BSM physics with neutrinos?

Detector

Beam 
 

https://indico.cern.ch/event/1481010/contributions/6240450/attachments/2976440/5621241/ProtoDUNE_BSM_CERN_2024.pdf


Sterile neutrino oscillations
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See talk by J. Lopez-Pavon

1) Sterile Neutrinos (“light HNLs”)

● For very light scales M, HNLs (in this regime usually called sterile 
neutrinos) participate in neutrino oscillations. In simplified 3+1 scenario:

● Neutrino energy needs to be determined. Oscillation in muon neutrinos 
not accessible since muons not contained. More feasible channels:

● Can we detected tau neutrinos indirectly through hadronic tau decays? 

G
e
V

M
e
V

k
e
V

e
V

T
e
V

H
N

L
s

S
te

ri
le

 n
u

https://indico.cern.ch/event/1481010/contributions/6240450/attachments/2976440/5621241/ProtoDUNE_BSM_CERN_2024.pdf
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1) Sterile Neutrinos (“light HNLs”)
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● We are limited by statistics. But...neutrino flux and cross section 
uncertainties? We have assumed 10% error in normalization.

● Cut in neutrino energy reduces sensitivity. Can this be optimized?

● Relevant channel to test Gallium and reactor anomaly.

S. Urrea

Preliminary 

NEW

Background
+ efficiency from

DUNE TDR 2103.04797

https://indico.cern.ch/event/1481010/contributions/6240450/attachments/2976440/5621241/ProtoDUNE_BSM_CERN_2024.pdf


Inelastic Dark Matter
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Vector mesons:Pseudoscalar mesons:

Production from meson decay

Dark photon 
produced on-shell

Dark photon 
produced off-shell

7

See talk by S. Bianco

https://indico.ift.uam-csic.es/event/29/contributions/452/attachments/248/353/LDW2025_SaraBianco.pdf


Inelastic Dark Matter
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Two limits:

→ Low mass region:

→ High mass region:

Sensitivity from ProtoDUNE: 
Scattering

12

See talk by S. Bianco

https://indico.ift.uam-csic.es/event/29/contributions/452/attachments/248/353/LDW2025_SaraBianco.pdf


Inelastic Dark Matter
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Thank you for 
your attention!

See talk by S. Bianco

https://indico.ift.uam-csic.es/event/29/contributions/452/attachments/248/353/LDW2025_SaraBianco.pdf


Plans for the analysis
Plans for the analysis
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 Trigger rate of 1-2 Hz shows 
we reject most cosmics at the 
trigger level (but most of our 
triggered events are still 
cosmics)  

 Measured cosmic background 
rate from Spill Off data. 

 Analysis ongoing to show 
neutrino events from 
reconstructed data, results will 
be available soon! 

 MC simulation and event 
selection of BSM/HNL ongoing 

Can we reject most of the cosmic 
background

Can we identify neutrino candidate 
coming from SPS beam, and validate 

proof of principle  

Can we identify BSM signals

Can we remove background (neutrino + 
cosmic) 

Physics!

LLP25, June 2-6,2025,  A.Chatterjee 

J. Hernandez-Garcia XVII CPAN DAYS

See talk by A. Chatterjee

https://indico.cern.ch/event/1441321/contributions/6481026/attachments/3082085/5455604/BSM@protoDUNE_LLP25.pdf


Axion-Like Particles: motivation

Arise in SM extensions as pseudo-Nambu-Goldstone bosons of a spontaneous global symmetry breaking

Phenomenology encoded in  2 free parameters: the ALP mass  and its decay constant ma fa

 δℒa,int =
αS

8πfa
aGb

μνG̃bμν

In the following I focus on the gluon dominance scenario 

The best motivated example is the QCD axion introduced to address the strong CP problem in QCD

The ALPs could be coupled to the SM with different sets of effective operators
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Axion-Like Particles: motivation

Arise in SM extensions as pseudo-Nambu-Goldstone bosons of a spontaneous global symmetry breaking

Phenomenology encoded in  2 free parameters: the ALP mass  and its decay constant ma fa

 δℒa,int =
αS

8πfa
aGb

μνG̃bμν

• It controls how weakly the ALP interacts with SM particles:  related to ALP interaction strength1/fa

In the following I focus on the gluon dominance scenario 

Concerning the ALP decay constant :fa

The best motivated example is the QCD axion introduced to address the strong CP problem in QCD

The ALPs could be coupled to the SM with different sets of effective operators

• It characterizes the energy scale at which the global symmetry is spontaneously broken
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• Present leading visible bounds on ALPs coupled to gluons:

: NA  [arXiv: ] and E  [arXiv: hep-ex ]− K± → π±γγ 62 1402.4334 949 /0505069

: NA  [arXiv: hep-ex ] and kTEV [arXiv: ] − KL → π0γγ 48/2 /0205010] 0805.0031

: BaBar [arXiv: ]− B → Ka, a → γγ 2111.01800

  LLP decays into : CHARM [Phys. Lett. B 157 (1985) 458]− γγ

Axion-Like Particles: present bounds

arXiv: 2201.07805
bounds derived in

arXiv: 2201.05170
bounds derived in
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• Present leading visible bounds on ALPs coupled to gluons:

: NA  [arXiv: ] and E  [arXiv: hep-ex ]− K± → π±γγ 62 1402.4334 949 /0505069

: NA  [arXiv: hep-ex ] and kTEV [arXiv: ] − KL → π0γγ 48/2 /0205010] 0805.0031

: BaBar [arXiv: ]− B → Ka, a → γγ 2111.01800

  LLP decays into : CHARM [Phys. Lett. B 157 (1985) 458]− γγ

Axion-Like Particles: present bounds

• Present leading invisible bounds on ALPs coupled to gluons:
Bounds assuming that the ALP scapes the detector without decaying

 from : NA  [arXiv: , ], E  and E  [arXiv: ]− K → πa K → πνν 62 2011.11329 2010.07644 787 949 0903.0030

 from : Belle [arXiv: ]− B → Ka B → Kνν 1702.03224

arXiv: 2201.07805
bounds derived in

arXiv: 2201.05170
bounds derived in

Bounds derived in arXiv: 2201.07805
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Axion-Like Particles: production and decay
• ALP production • ALP decay

Relevant ALP decay channels in DUNE mass window GeV:− ma < 1

via mixing with neutral pseudoscalar mesons 

π0, η, η′￼ a

GeV:− ma > 1

via gluon fusion
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FIG. 2. Main ALP decay widths (left) and branching ratios (right) for the gluon dominance scenario in
Eq. (6), as a function of its mass. These have been computed following Ref. [51] (see also Ref. [50]).

Although the operators included in Eq. (8) are flavor conserving, the O� and OW operators can
induce flavor-changing neutral current (FCNC) processes at one loop, as detailed, for instance, in
Refs. [54–56]. For this scenario, the mechanism of production we consider will be kaon decays
to ALPs (K ! ⇡a), in line with our past work in Ref. [13]. The corresponding width can be
computed using the a�PT Lagrangian [53, 57]:

�(K ! ⇡a) =
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where f0 is the scalar form factor1 and

�(a, b, c) = a
2 + b

2 + c
2

� 2ab � 2ac � 2bc . (10)

In Ref. [13] we computed the running of the couplings from ⇤ = 1 TeV down to µ = 2 GeV,
following Ref. [59]. This leads to the following matching condition for the e↵ective coupling
entering the decay width:

[kQ(2 GeV)]sd
V ⇤
tdVts

����
⇤=1TeV

' �9.7 ⇥ 10�3
cW (⇤) + 8.2 ⇥ 10�3

c�(⇤) � 3.5 ⇥ 10�5
cB(⇤) . (11)

We note that a similar e↵ective coupling is generated in this class of models for the decay B ! Ka;
however, the production of B mesons is insu�cient at DUNE and will not be considered here.

ALPs produced from kaon decays will have a kinematical threshold at ma < mK � m⇡ ⇠

355 MeV. In this mass window, the ALP can only decay into photons or light charged leptons
pairs (e and µ). The decay width for the di-photon decay channel is given by

�(a ! ��) = |c�� |
2 m

3
a

4⇡f2
a

, (12)

1
For the range of masses we are considering, f0

�
m2

a

�
can be closely approximated to 1, see Ref. [58].
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Although the operators included in Eq. (8) are flavor conserving, the O� and OW operators can
induce flavor-changing neutral current (FCNC) processes at one loop, as detailed, for instance, in
Refs. [54–56]. For this scenario, the mechanism of production we consider will be kaon decays
to ALPs (K ! ⇡a), in line with our past work in Ref. [13]. The corresponding width can be
computed using the a�PT Lagrangian [53, 57]:
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In Ref. [13] we computed the running of the couplings from ⇤ = 1 TeV down to µ = 2 GeV,
following Ref. [59]. This leads to the following matching condition for the e↵ective coupling
entering the decay width:
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We note that a similar e↵ective coupling is generated in this class of models for the decay B ! Ka;
however, the production of B mesons is insu�cient at DUNE and will not be considered here.

ALPs produced from kaon decays will have a kinematical threshold at ma < mK � m⇡ ⇠

355 MeV. In this mass window, the ALP can only decay into photons or light charged leptons
pairs (e and µ). The decay width for the di-photon decay channel is given by
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Although the operators included in Eq. (8) are flavor conserving, the O� and OW operators can
induce flavor-changing neutral current (FCNC) processes at one loop, as detailed, for instance, in
Refs. [54–56]. For this scenario, the mechanism of production we consider will be kaon decays
to ALPs (K ! ⇡a), in line with our past work in Ref. [13]. The corresponding width can be
computed using the a�PT Lagrangian [53, 57]:
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where f0 is the scalar form factor1 and
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In Ref. [13] we computed the running of the couplings from ⇤ = 1 TeV down to µ = 2 GeV,
following Ref. [59]. This leads to the following matching condition for the e↵ective coupling
entering the decay width:

[kQ(2 GeV)]sd
V ⇤
tdVts
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⇤=1TeV

' �9.7 ⇥ 10�3
cW (⇤) + 8.2 ⇥ 10�3

c�(⇤) � 3.5 ⇥ 10�5
cB(⇤) . (11)

We note that a similar e↵ective coupling is generated in this class of models for the decay B ! Ka;
however, the production of B mesons is insu�cient at DUNE and will not be considered here.

ALPs produced from kaon decays will have a kinematical threshold at ma < mK � m⇡ ⇠

355 MeV. In this mass window, the ALP can only decay into photons or light charged leptons
pairs (e and µ). The decay width for the di-photon decay channel is given by

�(a ! ��) = |c�� |
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3
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For the range of masses we are considering, f0
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can be closely approximated to 1, see Ref. [58].

 : − ma < 3mπ a → γγ

 :  and  − ma > 3mπ a → 3π0 a → π+π−π0
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Dark scalar: motivation

Additional scalars appear in BSM models to stabilize the EW vacuum 

Phenomenology encoded in  2 free parameters: the dark scalar mass  and its mixing mS θ ∼ c2vH /mH

 ℒ ⊃ c2 |H |2 S

In minimal models the additional scalar mixes with the Higgs boson after EWSB 

J. Hernandez-Garcia XVII CPAN DAYS



Dark scalar: production and decay

• Dark scalar production • Dark scalar decay
Relevant  decay channels in DUNE mass window SOne-loop FCNC processes

− K+ → π+S − S → e+e−

 and − S → π+π− S → π0π0
− KL → π0S

 decays CKM suppressedD

 decays not suppressed, but small production yieldB

− S → μ+μ−
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Figure 3: Left: branching fractions of the dark scalar to e+e�, µ+µ�, ⇡+⇡�, K+K� final
states. The sum of these branching fractions is also shown. Right: c⌧ of the dark scalar as
a function of the mass and for di↵erent y2 = sin2 ✓ values.

3 The scalar’s production mechanism at SHiP

At a fixed target (or beam dump) experiment the production of light hidden scalars is
given by [2]:

NS ' Npot·(2·�s·fS1·0.5·BR(K±
! ⇡+S)+2·�s·fS2·0.25·BR(KL ! ⇡0S)+2·�b·BR(B ! XsS))

(5)
where:

- Npot is the total number of protons on target;

- �s = �pp!ssX/�pp!Y = 0.147 and �b = �pp!bbX/�pp!Y = 1.6⇥ 10�7 are the ratios of
the production cross sections of s and b quarks with respect to the total pp cross
section;

- fS1 = 0.2% and fS2 = 0.02% are the fractions of K+ and KL that decay before being
absorbed in the target;

- BR(K±
! ⇡±S), BR(KL ! ⇡0S), BR(B ! XsS) are the branching fractions of

K±, KL and B into the scalar particle, as described in Eq. 2.

The number of protons on target collected in one year at full intensity by the SHiP
experiment is expected to be :

Npot = 4 · 1013p/s · 107s(100 days) · 20%(SPS duty cycle) · 60%(SPS e�ciency) ' 4 · 1019.
(6)

which corresponds to Npot = 2 · 1020 assuming five years of data taking. This number
of protons has been considered in the sensitivity studies of this note.

4
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• Large beam intensity  PoT/year  an expected total of  PoT4 ⋅ 1019 ⇒ ≃ 2 ⋅ 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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Better sensitivity of DUNE ND-GAr in the  and  regionsπ K

Better sensitivity of SHiP in the  and  regionsD B

DUNE Phase-II  years≃ 4.5

Maksym Ovchynnikov  - Search for new physics at SHiP (IFIC seminar)
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HNLs searches: DUNE ND-GAr vs SHiP Excusion potential

Sensitivities to LLPs: exclusion potential II
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s for Downstream

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

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

Better sensitivity of SHiP in the  and  regionsD B

Similar results for the . Better sensitivity of SHiP in the  since it comes from  decays.|UμN |2 |UτN |2 D

DUNE Phase-II  years≃ 4.5
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ALPs searches: DUNE ND-GAr vs SHiP

Better sensitivity of SHiP in the whole  rangema

Excusion potential

Sensitivities to LLPs: exclusion potential III

Excluded

LHCb-downstream300 fb-1
SHiP15 years
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f G
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]

ALPs coupled to gluons

– At the lower bound, SHiP beats Downstream algorithm@LHCb by many orders of
magnitude (remember that Nevents / g4)

– 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 41/53
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FIG. 8. DUNE sensitivity projections for the gluon dominance scenario, Eq. (6). Shaded regions are
disfavored by present experiments. Red (blue) lines show the expected DUNE sensitivity (at 90% CL) for
a search into a ! �� and a ! 3⇡ final states. Results are shown separately for the ND-LAr (dashed
lines) and ND-GAr (solid lines).

suppressed for this operator (see Eq. (15)), the final sensitivities obtained for a ! `` are similar
and even surpass those obtained for a ! �� for large masses, when the decay channel a ! µµ

is opened. In particular, in the high-mass region we see that DUNE is expected to improve by
almost an order of magnitude over current limits by the E137 experiment.

3. Charming ALPs

In this section, we present the sensitivity projections for the charming ALPs model described
in Section II C, using the DUNE ND with a total exposure of NPoT = 1.1 ⇥ 1022. The sensitivity
projections are shown in Fig. 4 separately for the final states with dominant branching ratios
(a ! ��, a ! ⇡

+
⇡
�

⇡
0). The same way as in the previous scenarios considered, our sensitivity

contours also exhibit here the typical shape of a visible decay search. For large values of the
couplings, the ALPs become very short-lived and decay before reaching the detector, leading to a
loss in sensitivity induced by the exponential term in the decay probability. On the other hand,
small couplings are suppressed by both the production rate in Eq. (17) and the fact that the
ALPs become too long-lived.

For decays into photon pairs, we include both production from kaon decays and from D decays.
Conversely, hadronic decay channels are only available for ma & 3m⇡ and therefore only D ! ⇡a

is considered in this case. In the case of a ! �� it is worth mentioning that in the region below
for masses below ma < mK � m⇡ the bound for this model is still dominated by the contribution
from K ! ⇡a, since the suppressed production branching ratio for this scenario (see Eq. (19)) is

Excusion potential

Sensitivities to LLPs: exclusion potential III
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– At the lower bound, SHiP beats Downstream algorithm@LHCb by many orders of
magnitude (remember that Nevents / g4)
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Due to a much higher ratio pmax/zmin and
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Dark scalar searches: DUNE ND-GAr vs SHiP
Excusion potential

Sensitivities to LLPs: exclusion potential II
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– 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
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Figure 5. Limits on the scalar mass m' and the mixing parameter sin2 #. For each panel, we make a di↵erent
assumption about the BR of ' into SM particles. The left panel assumes 100%, the center 10%, and the right 1%. We
include constraints from CHARM (blue) [53, 100], KOTO (green) [101], NA62 (red) [56], E949 (purple) [55], LHCb
(gray) [102, 103], projections from DUNE (black) in all panels, as well as constraints from LSND (orange) [98] and
SBN projections from SBND and ICARUS (dashed blue) [71] in the left panel. The supernova constraints assuming
the luminosities of 3⇥ 1053 erg/sec and 5⇥ 1053 erg/sec are shown respectively by the dot-dashed purple contours and
purple shaded regions [104, 105].
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Figure 5. Limits on the scalar mass m' and the mixing parameter sin2 #. For each panel, we make a di↵erent
assumption about the BR of ' into SM particles. The left panel assumes 100%, the center 10%, and the right 1%. We
include constraints from CHARM (blue) [53, 100], KOTO (green) [101], NA62 (red) [56], E949 (purple) [55], LHCb
(gray) [102, 103], projections from DUNE (black) in all panels, as well as constraints from LSND (orange) [98] and
SBN projections from SBND and ICARUS (dashed blue) [71] in the left panel. The supernova constraints assuming
the luminosities of 3⇥ 1053 erg/sec and 5⇥ 1053 erg/sec are shown respectively by the dot-dashed purple contours and
purple shaded regions [104, 105].
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Better sensitivity of DUNE ND-GAr in the  regionK

SHiP has potential to explore the region  the  MeV regionmS ≳ 350

DUNE Phase-II  years≃ 8
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