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Outline
• The BeamHNL module

▪ Overview

▪ Inputs: 
• Beamline simulation

• Detector location

• Detector geometry

▪ Modelling: 
• Flux prediction

• Decay & polarisation

• Vertex positioning & timing 

• POT estimation

▪ How to use it?
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The BeamHNL module
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• An experiment-agnostic, configurable HNL generation application for 
accelerator neutrinos

• 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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Phys. Rev. D  100 (2019) 052006

EPJ C  81 (2021) 78

FeynRules model database

• Assume one heavy neutrino eigenstate 𝑁4 as in K. Abe et al (T2K),                                
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                          
P. Coloma et al, EPJ C  81 (2021) 78
▪ HNL interact directly with mesons, valid up to ~ EW scale

▪ Lagrangian available in FeynRules model database

6/4/2024 Weijun Li on behalf of John Plows - BeamHNL simulation

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


Flux Input Example

6 / 4 / 2 0 2 4

GENIE(dk2nu) T2K

parent pdg decay_ptype ppid

nu parent decay coordinates in [cm] decay_vx,vy,vz Xpi[0],xpi[1],xpi[2] (in [cm])

parent momentum in lap frame in 
[GeV/c] (?)

decay_pdpx,py,pz ppi*(npi[0],npi[1],npi[2])

E_nu in C.O.M frame of the nu 
parent [GeV]

decay_necm calculated

relative weight of each event entry, 
default=1

decay_nimpwt Norm->more complicated
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𝑧NEAR

𝑦NEAR

𝑥NEAR = 𝑥BEAM

𝑦BEAM

𝑧BEAM

𝑧USER

𝑦USER

𝑥USER

3 coordinate systems:
• NEAR (“global” system with 𝑧 horizontal at target)
• BEAM (same origin as NEAR but rotated to match 

beamline)
• USER (the detector’s internal coordinate system)

Can transform between two coordinate systems using 
1 vector of translations and 1 vector of rotations
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Arbitrarily complicated ROOT geometry file

BeamHNL calculates where a given HNL 
enters and exits the detector volume and 
assigns a vertex accordingly

Parent decay 
point

HNL momentum

Entry 
point

Exit 
point



• Pseudoscalar meson decay 𝑃 → 𝑁4 + ℓ (+ pseudoscalar 𝐷)
▪ Lorentz boost from parent-rest frame into lab frame dominant factor

▪ For a massive neutrino

ℬ =
𝐸N4

𝐸N4
(CM)

=
1

𝛾𝑃 1 − 𝛽𝑃𝛽N4 cos 𝜃det
(1), 𝛽N4 lab − frame 

(cf. 𝛽N4 = 1 for SM)

▪ Collimation effect:

tan 𝜃 =
𝑞N4 sin Θ

𝛾𝑃 𝛽𝑃𝐸N4
CM

+ 𝑞N4 cos Θ
(2)

Θ θ

(P  rest) (lab) 
𝜷𝑷
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HNL are more collimated with their parents than SM neutrinos.
The flux depends much more strongly on parent kinematics!

Θ

(P  rest) 

θ

(lab) 

𝜷𝑷
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∀ HNL know production 
point D and momentum 𝒑 ⇒ 
Calculate entry, exit points 
E, X

Assign decay vertex V by 
exponential decay between 
E and X

Total travel distance 𝐿 and 
velocity 𝜷 known ⇒ 
calculate delay wrt SM 
neutrino

V

𝐿traversed

𝐿
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∀ HNL know production 
point D and momentum 𝒑 ⇒ 
Calculate entry, exit points 
E, X

Assign decay vertex V by 
exponential decay between 
E and X

Total travel distance 𝐿 and 
velocity 𝜷 known ⇒ 
calculate delay wrt SM 
neutrino

𝑀 = 25 MeV

𝑀 = 250 MeV

(exaggerated effect for 
visual clarity)



arXiv: 1805.06419 [hep-ph]

arXiv: 1805.06419 [hep-ph]

• 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])

+: 𝑁4, −: ഥ𝑁4. Cancels out for Majorana HNL

𝑵𝟒 → 𝝂𝝂𝝂

𝑵𝟒 → 𝝂𝒆+𝒆−

𝑵𝟒 → 𝝂𝝁+𝝁−

𝑵𝟒 → 𝝂𝒆𝝁

𝑵𝟒 → 𝝅𝝁

𝑵𝟒 → 𝝅𝒆

𝑵𝟒 → 𝝅𝟎𝝂

E.g. only simulate
𝑁4 → 𝜋 + 𝜇
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https://arxiv.org/abs/1805.06419
https://arxiv.org/abs/1805.06419
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How do we calculate rates?

Rates (in POT equivalent) depend on many factors:
• Directly on HNL mass / mixing
• Flux simulation (parent collimation)
• Geometry file (detector size effect) + detector location
• Physics assumptions (Dirac vs Majorana nature of neutrino)

Solution: Let user simulate as many events as they want and account for the POT it 
would take to make them! 
Pass the expected NPOT per event as a weight in GENIE

6/4/2024
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Delay wrt SM neutrino

This signal event took 
51.6e+20 POT

Assuming Dirac HNL, M = 100 MeV, 𝑒: 𝜇: 𝜏 = 1: 1: 0, 𝑈𝛼4
2 = 10−8



How to use BeamHNL?
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ParameterSpace block: specify what 
HNL mass / mixings / nature you want

Job runtime parameters controlled by 
single configuration file

• Script/batch friendly

• Storable for reproducibility

• Transparent

User passes arguments such as HNL mass, 
channels to simulate the decays of HNL 
into, detector location, flux-calculation 
switches…

An example can be found in 

$GENIE/src/contrib/beamhnl/ 
CommonHNL_DEMO.xml

Descriptions of the entries can be found in 
$GENIE/config/BeamHNLGenerator.xml
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Interesting Channels block: specify 
which channels you want to simulate.

(in this example: 𝑁4 →

ℓ∓𝜋±, 𝑁4 → 𝜈𝜈𝜈 events will 
be kept in the event record)

Job runtime parameters controlled by 
single configuration file

• Script/batch friendly

• Storable for reproducibility

• Transparent

User passes arguments such as HNL mass, 
channels to simulate the decays of HNL 
into, detector location, flux-calculation 
switches…

An example can be found in 

$GENIE/src/contrib/beamhnl/ 
CommonHNL_DEMO.xml

Descriptions of the entries can be found in 
$GENIE/config/BeamHNLGenerator.xml
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CoordinateXForm block: Provide 
vectors describing detector location.

In this example, detector centre at: 
𝑥NEAR, 𝑦NEAR, 𝑧NEAR = 0, −60, 1000  m

𝑥USER, 𝑦USER, 𝑧USER = 𝟎
Beam rotated by 58.3 mrad down in 

(𝑦𝑁𝐸𝐴𝑅 , 𝑧𝑁𝐸𝐴𝑅) plane

Job runtime parameters controlled by 
single configuration file

• Script/batch friendly

• Storable for reproducibility

• Transparent

User passes arguments such as HNL mass, 
channels to simulate the decays of HNL 
into, detector location, flux-calculation 
switches…

An example can be found in 

$GENIE/src/contrib/beamhnl/ 
CommonHNL_DEMO.xml

Descriptions of the entries can be found in 
$GENIE/config/BeamHNLGenerator.xml



Thank you!

Some useful links:

BeamHNL paper (PRD):                                 
Phys Rev D  107 (2023) 055003

BeamHNL principal branch: 
kjplows/Generator

Preview branch with theory input: 
kjplows/Generator at multiLagrangian
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https://doi.org/10.1103/PhysRevD.107.055003
https://github.com/kjplows/Generator
https://github.com/kjplows/Generator/tree/multiLagrangian


Backup
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P. Ballett et al, JHEP  2020 (2020) 111
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https://link.springer.com/article/10.1007/JHEP03(2020)111


Acceptance correction
• Collimation effect ⇒ HNL not guaranteed to hit detector 

• Parents have to be well-focused or HNL cannot “correct course” enough to 
reach a point

• Back-emitted HNL may also hit detector if parent focused enough!

Weijun Li on behalf of John Plows - BeamHNL simulation

1 preimage
(SM ν)

2 preimages
(𝑴𝑵 = 𝟐𝟎𝟎 𝐌𝐞𝐕, 
𝜽 < 𝟑𝟐. 𝟕∘) 

0 preimages
(𝑴𝑵 = 𝟐𝟎𝟎 𝐌𝐞𝐕,
𝜽 ≥ 𝟑𝟐. 𝟕∘)

6/4/2024



Presence of 𝛽𝑁4 term in (1) weakens off axis effect compared to SM 
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Delay time distribution at 
MINERvA, 250 MeV
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𝑅(𝛼, 𝛽, 𝛾) = 𝑅𝑥 𝛾 𝑅𝑧 𝛽 𝑅𝑥 𝛼

=

1 0 0
0 𝑐𝛾 −𝑠𝛾

0 𝑠𝛾 𝑐𝛾

𝑐𝛽 −𝑠𝛽 0

𝑠𝛽 𝑐𝛽 0

0 0 1

1 0 0
0 𝑐𝛼 −𝑠𝛼

0 𝑠𝛼 𝑐𝛼

=

𝑐𝛽 −𝑐𝛼𝑠𝛽 𝑠𝛼𝑠𝛽

𝑠𝛽𝑐𝛾 𝑐𝛼𝑐𝛽𝑐𝛾 − 𝑠𝛼𝑠𝛾 −𝑠𝛼𝑐𝛽𝑐𝛾 − 𝑐𝛼𝑠𝛾

𝑠𝛽𝑠𝛾 𝑠𝛼𝑐𝛾 + 𝑐𝛼𝑐𝛽𝑠𝛾 𝑐𝛼𝑐𝛾 − 𝑠𝛼𝑐𝛽𝑠𝛾



What are HNL?

Phys. Lett. B  631 (2005) 4

PPNP 104  (2019) 1

• 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: new mass eigenstates 
▪ Mass 𝒪 ≤ TeV/𝑐2  in νMSM “neutrino minimal SM”

▪ Can explain:
• Active neutrino mass!

• Dark matter candidate!

• Matter-antimatter asymmetry!

    (see T. Asaka et al, Phys. Lett. B  631 (2005) 4, 

              A.Boyarsky et al, PPNP 104  (2019) 1)

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

    in detectors
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https://doi.org/10.1016/j.physletb.2005.09.070
https://doi.org/10.1016/j.ppnp.2018.07.004
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Parent decay 
coordinates

Parent decay 
momentum

Stat multiplier
SM neutrino E

decay_vx decay_vz

decay_vydecay_vy

decay_px

decay_py

decay_pz



BeamHNL Geometry
• It uses 3 coordinate systems, 

▪ NEAR – origin in the target, NEUT Coordinate

▪ BEAM – z-axis is the beam direction, i.e. t2k on-axis

• The transformation from NEAR to BEAM is by a rotation around the x-axis downwards by 63.44 mrad.

▪ USER – origin is at the centre of ND280, (-3.222,-8.146,280.1) w.r.t NEAR origin

6 / 4 / 2 0 2 4

(-3.222,-8.146,280.1)
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Detector Geometry
• Looking at a box [(1740,1960,3281) mm in size] just large enough to contain 

all TPC segments, centred at          (0,50,915.5)

• The three sides are from

• (-870,-930,-725) to (870,1030,2556)

6 / 4 / 2 0 2 4

z

y
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Simplified Geometry Input
• For test purposes, a simplified geometry file, containing one big box enclosing 

SFGD&HATPC and another enclosing all three TPCs are used.

6 / 4 / 2 0 2 4 Weijun Li on behalf of John Plows - BeamHNL simulation
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ParameterSpace block: specify what 
HNL mass / mixings / nature you want

Job runtime parameters controlled by 
single configuration file

• Script/batch friendly

• Storable for reproducibility

• Transparent

User passes arguments such as HNL mass, 
channels to simulate the decays of HNL 
into, detector location, flux-calculation 
switches…

An example can be found in 

$GENIE/src/contrib/beamhnl/ 
CommonHNL_DEMO.xml

Descriptions of the entries can be found in 
$GENIE/config/BeamHNLGenerator.xml



Θ

θ

(P  rest) 

(lab) 

𝜷𝑷

30 MeV

(log y axis)

100 MeV

(linear y axis)
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OA effect weakens most 
close to threshold 
(panels b, e): heavier 
HNL are slower.
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𝑀𝑁4 = 300 MeV/𝑐2

Bkg: GENIE v3.02.00 
tune G18_02a_00_000
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HNL rest frame Lab frame

HNL rest frame

𝑷

𝒑𝒆
∗

𝜃𝑷

Lab frame

𝒑𝑵𝟒

𝒑𝒆Θ𝑷

𝑁4 → 𝜇− + 𝜋+, 
𝑀𝑁4 = 400 MeV/𝑐2

6/4/2024
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Coming soon to BeamHNL…

P. Coloma et al, EPJ C  81 (2021) 78

Implementing a “tune system” for BeamHNL : accept theory input for:
• HNL production kinematic scaling factors
• HNL decay widths to channels

Goals:
• User-friendly
• Storable and persistent
• Easily modifiable

https://link.springer.com/article/10.1140/epjc/s10052-021-08861-y
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Theory input handled through xml files 
in dedicated HNL tune directory
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Theory input handled through xml files 
in dedicated HNL tune directory

For each channel, identify component 
with definite scaling behaviour
e.g. ∝ Σ𝛼 𝑈𝛼4

2 2, 𝑈ℓ4
2

Specify a desired mass partition and the 
decay width of each component at 
𝑈ℓ4

2 = 1, ℓ = 𝑒, 𝜇, 𝜏
Specify scaling behaviour as a TFormula

Group components into `decayChannel` 
objects in xml file
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Reference model: EPJ C  81 (2021) 78
 

https://link.springer.com/article/10.1140/epjc/s10052-021-08861-y
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Reference model: EPJ C  81 (2021) 78
 

Partition fully controllable by user
(no recompiling necessary!)

https://link.springer.com/article/10.1140/epjc/s10052-021-08861-y
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Reference model: EPJ C  81 (2021) 78
 

For production channels, specify 
kinematic scaling factors for each 

parent, and the masses to evaluate for 
each parent.

Γ 𝑀, 𝑈𝛼4
2 = 𝒦 𝑀 ⋅ 𝑈𝛼4

2

https://link.springer.com/article/10.1140/epjc/s10052-021-08861-y
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