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• Implement HNL into GENIE v3 event generator

• Goals:

1. User flexibility: ease of use and integration with simulation

2. Generality: for use with many beamlines, detectors 

3. Transparency: new physics is self-consistent
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What are HNL?
• Naturally motivated extension to Standard Model

▪ Light neutrinos 𝜈1,2,3 have at least 2 non-zero masses

▪ Admixture with regular “flavour” eigenstates 𝜈𝛼 as
𝜈𝛼 = σ𝑖=1,2,3 𝑈𝛼𝑖𝜈𝑖 + σ𝑗∈𝐽 𝑈𝛼𝑗 𝑁𝑗

• HNL: mass eigenstates of mass 𝒪 ≤ TeV/𝑐2

▪ Can explain:
• Active neutrino mass!

• Dark matter candidate!

• Matter-antimatter asymmetry!

(see Phys. Lett. B 631 (2005) 4, PPNP 104  (2019) 1)

▪ 𝒪 100 MeV/𝑐2 − TeV/𝑐2 HNL decay to visible signatures

in detectors
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also see talks by 
Daniel Siegmann
Anatael Cabrera
Baha Balantekin

and others!

https://doi.org/10.1016/j.physletb.2005.09.070
https://doi.org/10.1016/j.ppnp.2018.07.004


• Assume one heavy neutrino eigenstate 𝑁4 as in Phys. Rev. D 100 (2019) 052006

▪ Parameter space: 𝑀𝑁4
, 𝑈𝑒4

2, 𝑈𝜇4
2

, 𝑈𝜏4
2 ≡ 𝑀𝑁4

, 𝑈𝛼4
2

• Effective field theory describing low-energy HNL (GeV range) as in EPJ C 81
(2021) 78
▪ HNL interact directly with mesons, valid up to ~ EW scale

▪ Lagrangian available in FeynRules model database

4

John Plows - HNL in GENIE

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.052006
https://link.springer.com/article/10.1140/epjc/s10052-021-08861-y
https://feynrules.irmp.ucl.ac.be/wiki/HNLs
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arXiv:  2203.08039 
[hep-ph]
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https://arxiv.org/abs/2203.08039v1
https://arxiv.org/abs/2203.08039v1
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4 main physics points:

1. Production of initial state using dynamic flux prediction

2. Production of (signal) final state

3. Decay vertex assignment

4. Calculation of POT for signal event
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• Assume all parents decay to HNL, 
σ𝛼 𝑈𝛼4

2 = 1

• Calculate kinematics under constraint: 
𝒑𝑁4

intersects detector ⇒ probability 
of emission in suitable angular region: 
𝑃𝐸

• Account for collimation effect: 

Lorentz boost more efficient

8Production in beamline

𝑲+ → 𝑵𝟒 + 𝝁+

𝑬𝑲 = 𝟏 𝐆𝐞𝐕
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JHEP  2020 (2020) 111
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2-body production 3-body production

https://link.springer.com/article/10.1007/JHEP03(2020)111


𝑈𝑒4
2: 𝑈𝜇4

2
= 1: 1 𝑈𝑒4

2: 𝑈𝜇4
2

= 1: 0 10

SM 𝜈𝜇 + 𝜈𝑒

Parents
: all
: pion
: kaon
: muon
: K0

NOT SM 𝜈𝑒
Flux spectra
at MINERvA

4 parents
𝑀𝑁 ⊗ {𝑈𝛼4}



𝛼

𝑈𝛼4
2 = 1

𝐸𝑁 [GeV]

𝐸𝑁 [GeV]

𝐸𝑁 [GeV]

𝐸𝑁 [GeV]

𝑀𝑁 = 0 MeV/𝑐2

𝑀𝑁 = 250 MeV/𝑐2
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• Choose signal channel(s)
▪ Module keeps track of total and individual decay widths 

for calculations

• Polarisation reweighting: by spin conservation

𝑑Γ

𝑑 cos 𝜃𝑷
∝ 1 ∓ 𝒽 ⋅ cos 𝜃𝑷

where 𝑷 is the direction of the polarisation vector 
in HNL rest frame and 𝒽 the polarisation modulus 
(see arXiv: 1805.06419 [hep-ph])
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−: 𝑁4, +: ഥ𝑁4. Cancels out for Majorana HNL
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𝑵𝟒 → 𝝂𝝂𝝂

𝑵𝟒 → 𝝂𝒆+𝒆−

𝑵𝟒 → 𝝂𝝁+𝝁−

𝑵𝟒 → 𝝂𝒆𝝁

𝑵𝟒 → 𝝅𝝁

𝑵𝟒 → 𝝅𝒆

𝑵𝟒 → 𝝅𝟎𝝂

E.g. only simulate
𝑁4 → 𝜋 + 𝜇

https://arxiv.org/abs/1805.06419
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𝑁4 → 𝑒− + 𝜋+,
𝑀𝑁4 = 400 MeV/𝑐2
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HNL rest frame Lab frame

HNL rest frame

𝑷

𝒑𝒆
∗

𝜃𝑷

Lab frame

𝒑𝑵𝟒

𝒑𝒆Θ𝑷



• HNL is produced at point D with momentum 
𝒑𝑁4

defining a 3D trajectory 
𝜖: 𝒓 𝑢 = 𝒓𝐷 + 𝑢 ⋅ 𝒑𝑁4

• Exponentially decaying distribution in 
ℓelapsed/ℓmax
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Δ𝑡 ≔ 𝑡𝑁4
− 𝑡𝜈 at MINERνA 14

𝑴𝑵𝟒
= 𝟐𝟓 𝐌𝐞𝐕/𝒄𝟐 𝑴𝑵𝟒

= 𝟑𝟓𝟎 𝐌𝐞𝐕/𝒄𝟐
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POT calculation
• A central question: how many signal events does a detector expect to see?

▪ Cannot calculate a priori a 𝑁POT ↦ 𝑁signal map

• Solution: work our way backwards!
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e.g. this 300 MeV/𝑐2 HNL 

with 𝑈𝑒4
2 = 𝑈𝜇4

2
=

10−7 took 2.86 × 1017

POT to make



Future directions
• The module is quite general, built for wide variety of use cases

• Pull request already open on Github

• Can still expand utility of module!
1. Include heavier parents (such as 𝐷, 𝐷𝑠) and decay channels ⇒ increase valid mass range

2. Polarisation for 3-body decays (see for example Phys. Rev. D 105 (2022) 015019)

3. Support for multiple Lagrangians? (user-input decay widths?)

• + always open to suggestions and comments! :-) 
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.015019
https://github.com/GENIE-MC/Generator/pull/223


Backup
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How are HNL made?
• 𝑀 > 𝑀𝐸𝑊: Drell-Yan, 𝑔 + 𝑔 fusion, 𝑊 + 𝛾 or 𝑊 + 𝑊 fusion (e.g. at colliders)

• 𝑀𝑃 < 𝑀 < 𝑀𝐸𝑊: Decays of particle (lepton, meson) 𝑃 (at colliders, neutrino 
beams, atmospheric production…)

• 0 < 𝑀: Production by upscattering (from SM neutrino - nuclear interactions 
through mixing alone or including transition “v-N dipole”)

• 0 < 𝑀: Oscillations: SM --> HNL

• In this implementation, we consider production from meson decay in 
neutrino beams, through mixing alone
▪ GENIE also handles HNL production through neutrino upscattering + decay via new “dark 

boson” 𝑍𝐷 (DarkNeutrino module, available in GENIE v3.2.0)
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.50.1427
https://arxiv.org/abs/1408.0983
https://link.springer.com/article/10.1007/JHEP02(2015)072
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.055005
https://arxiv.org/abs/2206.13745
https://link.springer.com/article/10.1140/epjc/s10052-021-08861-y
https://link.springer.com/article/10.1140/epjc/s10052-020-7795-z
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.119.201804
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.115015
https://arxiv.org/abs/1709.03797
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.095005
https://indico.phys.vt.edu/event/44/contributions/902/attachments/715/957/icaza_DNu_NDNN.pdf


dk2nu flux input
• Fermilab-wide common format: see related document

• User supplies “flat” trees containing:
▪ HNL production vertex in NEAR coordinates

▪ Parent 3-momentum in NEAR coordinates

▪ Parent PDG

▪ SM neutrino energy in parent rest frame

▪ “Importance weight” (≡ multiplier for very similar hadron kinematics, used 
to reduce simulation events in g4numi)

• See also $GENIE/src/contrib/beamhnl for details how to make these 
trees 
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https://indico.fnal.gov/event/5499/sessions/9700/attachments/59207/70935/flux_ntuple.pdf


HNL production channels: summary
20

𝑀𝐻𝑁𝐿 MeV/𝑐2

𝟎 𝟐𝟓𝟑. 𝟎 𝟑𝟓𝟖. 𝟐 𝟑𝟖𝟖. 𝟎 𝟒𝟗𝟑. 𝟐

𝟐𝟓𝟐. 𝟒 𝟑𝟓𝟕. 𝟓

𝟑𝟑. 𝟗 𝟏𝟑𝟗. 𝟏

𝟏𝟎𝟓. 𝟏

𝑈𝜇4
2

𝑈𝑒4
2

𝑈𝜇4
2

𝑈𝑒4
2

𝑈𝜇4
2

𝑈𝑒4
2

𝑈𝜇4
2

𝑈𝑒4
2

𝑲± → 𝑵𝝁±

𝑲± → 𝑵𝝅𝟎𝝁±

𝑲± → 𝑵𝒆±

𝑲± → 𝑵𝝅𝟎𝒆±

𝑲𝑳
𝟎 → 𝑵𝝅∓𝝁±

𝑲𝑳
𝟎 → 𝑵𝝅∓𝒆±

𝝅± → 𝑵𝝁±

𝝅± → 𝑵𝒆±

𝝁∓ → 𝑵𝝂𝒆𝒆∓

𝝁∓ → 𝝂𝝁𝑵𝒆∓
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Geometry description + location of decay 
vertex + knowledge of 𝒑parent ⇒

constraint on deviation (emission) angle 𝜃

Estimate acceptance correction due to 
collimation effect by calculating min/max 
deviation 𝜁∓ and mapping back to rest-
frame emission angle 𝜃∗
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Intersection points
• ROOT’s TGeoManager handles the intersection calculations
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JHEP 2021 (2021) 182

https://link.springer.com/article/10.1007/JHEP12(2021)182
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User configuration (abridged)

Relevant physics assumptions and needs 
(which decay channels to simulate, 
where the detector is, HNL mass + 
couplings, etc) are accessible from a 
single configuration file 

User may change these in between runs 
without recompiling code ⇒ build once, 
run for lots of different physics!
(different detector setups, sizes, signal 
channel combinations, Dirac or Majorana 
neutrinos, …)
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