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Outline

1. Overview of SIREN

2. Using SIREN for...
e BSM physics with accelerator neutrinos
e SM physics with collider neutrinos

e SM + BSM physics with neutrino telescopes

N. Kamp SIREN: A Toolkit for Standard and Non-Standard Neutrino Physics | 20 May 2025



Outline

1. Overview of SIREN




Motivation: A Tradeoft




Motivation: A Tradeoff

e Being efficient physicists, we like to re-interpret experimental data to set
constraints on new physics
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Motivation: A Tradeoff

e Being efficient physicists, we like to re-interpret experimental data to set
constraints on new physics

o Full detector simulations to estimate signal rates are computationally expensive
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Motivation: A Tradeoff

e Being efficient physicists, we like to re-interpret experimental data to set
constraints on new physics

o Full detector simulations to estimate signal rates are computationally expensive

e Home-brewed detector simulations must make simplifying approximations
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Motivation: A Tradeoff

e Being efficient physicists, we like to re-interpret experimental data to set
constraints on new physics

o Full detector simulations to estimate signal rates are computationally expensive
e Home-brewed detector simulations must make simplifying approximations

e But sometimes, detector geometry details are important!

N. Kamp SIREN: A Toolkit for Standard and Non-Standard Neutrino Physics | 20 May 2025



When Detector Geometry Matters: An Example
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When Detector Geometry Matters: An Example

Dipole-Portal HNL
Heavy neutral lepton (HNL)

with an effective transition
magnetic moment

Parameters
e My, : HNL mass

e d,: effective dipole moment
o
A

\/cs. NK

¥
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When Detector Geometry Matters: An Example

Dipole-Portal HNL Production
Heavy neutral lepton (HNL)

with an effective transition
magnetic moment

Parameters
e My, : HNL mass

e d,: effective dipole moment

Mo

A
\/d~. NK

¥
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When Detector Geometry Matters: An Example

Simple detector geometry: MiniBooNE

MiniBooNE detector

Dipole-Portal HNL Production
Heavy neutral lepton (HNL) 4
with an effective transition DOCLE 2

magnetic moment

TR
~ s 800000
I/Iu 000000000
b asassccccee |
y - “aeeeee |
YRR
TR R
TR R

Parameters
e My, : HNL mass

e d,: effective dipole moment

Mo

A
\/d~ NK

¥

|
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When Detector Geometry Matters: An Example

Complex detector geometry: MINERVA

Dipole-Portal HNL Production | comaven
Heavy neutral lepton (HNL) 5 i | 5t
with an effective transition v, N —5—— g 5| e |l |85

. 5 E, A thT k et gg S = § f § g,-
magnetic moment y : §3 | %3 | 2
Parameters S ECAL vg: =
A X Side HCAL 116 tons |
e My, : HNL mass = oms
. . Tracking Modules -
e d \ : effective dipole moment ) | -
\ Detection RIS LNE
Ve M n
- . N
//4 I
b / °

Pb/Fe Pb/Fe C/Pb/Fe Pb/Fe Pb/Fe
125 cm >
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Modeling the MINERVA Detector

Trackmg Modules

, N
7
/4
A X
coh 2
I/A—>/VA x Z AIR|NE

Pb/Fe

ii

|

Pb/Fe

3

|

C/Pb/Fe

4

l
[]

5

y

Pb/Fe Pb/Fe

125 cm

Fig. 3. Orientation of the nuclear targets looking downstream. Targets 1 and 5 have
the leftmost orientation, target 2 has the middle orientation, and target 3 the
rightmost orientation.

The production cross section has a 7% coherent enhancement
Detailed modeling of the nuclear targets is essential!

This was the original motivation behind SIREN

N. Kamp

SIREN: A Toolkit for Standard and Non-Standard Neutrino Physics | 20 May 2025 7



Modeling the MINERVA Detector

Tracking Modules

’ N e s

Pb/Fe PbJFe C/Pb/Fe

125 cm

1.5 1.5 1.5

LAYER 1 (Pb, Fe)

MINERVA Nuclear Target 2

1.0 1.0 1.0

E 0.5 0.5 0.5
(e
9o
=
S 00 0.0 0.0
©
R
% ~0.5 ~0.5 ~0.5
>
~1.0 ~1.0 ~1.0
Upscattering Rate NK. Hostert, Schneider+ 2022
_1'5—1.5 ~1.0 -0.5 0.0 0.5 1.0 1.5_1'5—1.5 -1.0 ~0.5 0.0 0.5 1.0 1.5_1'5—1.5
Horizonal Position [m] Horizonal Position [m]
N. Kamp

y

MINERVA Nuclear Target 3

-1.0 -0.5 0.0 0.5 1.0
Horizonal Position [m]

Fig. 3. Orientation of the nuclear targets looking downstream. Targets 1 and 5 have
the leftmost orientation, target 2 has the middle orientation, and target 3 the
rightmost orientation.

LAYER 4 (Pb)

LAYER 5 (Pb, Fe)

-1.5 -1.5
15 -15 -1.0 -0.5 0.0 0.5 1.0 15 -15 -1.0 -0.5 0.0 0.5 1.0 1.5

Horizonal Position [m] Horizonal Position [m]
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.055009

O Harvard-Neutrino / SIREN

IntrOd UCing SIREN A. Schneider, NK, A. Wen. 2024

e Open-source simulation toolkit for modeling rare interactions

e Three main features:

1. Extensible interaction service: Support for arbitrary interaction
trees of scattering (2 — n) and decay (1 — n) processes

2. Extensible detector service: Support for complicated detector
geometries based on 3D volumes with arbitrary atomic
compositions and density profiles

3. Computational efficiency: Fast methods for injection and
(re-)weighting make SIREN suitable for large simulation campaigns

N. Kamp SIREN: A Toolkit for Standard and Non-Standard Neutrino Physics | 20 May 2025 9
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1. Extensible interaction service

Cross section and decay models are defined by specifying:
e The possible initial and final states
e The total and differential cross section or decay width

e A method for determining final state kinematics

Decay Models
e NeutrinoDIS: VA — (v, )X e HNL single photon: /' — vy

Cross Section Models

Available in first release
 Elastic scattering: ve — ve e HNL dilepton*: /' — vf1E~

Under development
o HNL production off nuclei*: (LA — A 'A) « HNL hadronic: /' — (v, £)X

*Uses internal
interface to DarkNews

e Charm production: vA — (v, £)DX e D hadronic:e.g.D —» Knrn [Abdullahi+ 2022]

e HNL DIS production: vVA — /X e D semi-leptonic:e.g. D — vukK

N. Kamp SIREN: A Toolkit for Standard and Non-Standard Neutrino Physics | 20 May 2025 10


https://arxiv.org/abs/2207.04137

2: Extensible detector service

A detector model is defined through a plain text file specifying:

e A set of three-dimensional objects

e The atomic composition and density profile of each object

e A special 3D object representing the fiducial volume (optional)

Detector Models in SIREN

o Availableinfirstrelease: IceCube, DUNE,
ATLAS, HyperK, MiniBooNE, MINERVA, CCM

e Implemented, available on main branch:
ND280, ND280+

h . \‘ - i
ND280 in SIREN, implemented by M. S. Liu

N. Kamp SIREN: A Toolkit for Standard and Non-Standard Neutrino Physics | 20 May 2025 1



3: Computational Efficiency

o SIREN can generate/compute weights for O(10° — 10°) events
per second, depending on the interaction and detector models

e Events can be easily re-weighted to different flux, cross section,

and/or detector models

Simulation case

Generation time per event [s]

Weight calculation time per event [s]

v, DIS in IceCube 7.373%‘: X 107> 12.83’:;:;‘2 X 107>

v, DIS in DUNE 5.6310% % 10-3 8.63+141 x 10-3

v, DIS in ATLAS 3.74f8:}g x 107> 6.584_“8:%; X 107>
Dipole-portal HNLs in MiniBooNE 2.971)% x 1073 2.077% x 1073
Dipole-portal HNLs in MINERVA 4727 x 107 4.00*7) x 1073
Dipole-portal HNLs in CCM 3.83100° x 1073 4.25709% x 107

N. Kamp

1000

(00)
o
o

o))
o
o

Elapsed Time [s]

D
o
o

200

Iteratively-generated Cross Section Tables

i

MINERVA
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- 5% Interpolation Tolerance
= = 10% Interpolation Tolerance
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How does it work?

Interaction Record
The “fundamental unit” of SIREN

PRIMARY INTERACTION RECORD Primary particle Secondary particles

Interaction Vertex

Primary Particle Type
Primary Particle Kinematics

Target Type
Target particle
(if not decay)

z
"Seconc ary e Type

Seconadary e Kinematics




How does it work?

Interaction Record Interaction Tree

The “fundamental unit” of SIREN A tree of interaction records
PRIMARY INTERACTION

PRIMARY INTERACTION RECORD nteraction Vertex

Interaction Vertex

Primary Particle Type
Primary Particle Kinematics

Primary Particle Type
Primary Particle Kinematics

Target Type

Secondary Particle Type Secondary Particle Type
Secondary Particle Kinematics = Secondary Particle Kinematics

SECONDARY INTERACTION END OF BRANCH

Interaction Vertex -
Primary Particle Type
Primary Particle Kinematics
Target Type
Secondary Particle Type
Secondary Particle Kinematics
——

Target Type

z
" Seconc ary e Type

Seconadary e Kinematics




PRIMARY INTERACTION RECORD

Interaction Vertex

Primary Particle Type
Primary Particle Kinematics

Interaction Vertex

Primary Particle Type
Primary Particle Kinematics

Interaction Vertex

Primary Particle Type
Primary Particle Kinematics

Target Type » B Target Type » | Target Type
| ‘Secondary Particle Type T | Secondary Particle Type T l‘ Secondary Particle Type
Secondary Particle Kinematics PrimaryEnergyDistribution() Secondary Particle Kinematics SampleCrossSection() Secondary Particle Kinematics
PrimaryDirectionDistribution()
VertexPositionDistribution()
SECONDARY INTERACTION RECORD
Interaction Vertex Interaction Vertex Interaction Vertex
Primary Particle Type Primary Particle Type Primary Particle Type
Primary Particle Kinematics Primary Particle Kinematics Primary Particle Kinematics
Target Type > N Target Type » | Target Type
Secondary Particle Type T T | Secondary Particle Type

('Secondary Particle Type
Secondary Particle Kinematics Secondary Particle Kinematics Secondary Particle Kinematics

SecondaryPositionDistribution() SampleCrossSection()

| SECONDARY INTERACTION
PRIMARY INTERACTION




spivary INTERACTION rEconn Sample the flux & interaction location
Interaction Vertex

Primary Particle Type Primary Particle Type Primary Particle Type
Primary Particle Kinematics Primary Particle Kinematics Primary Particle Kinematics

Target Type » | Target Type

Secondary Particle Type T Secondary Particle Type T ‘Secondary Particle Type |
Secondary Particle Kinematics PrimaryEnergyDistribution() Secondary Particle Kinematics SampleCrossSection() Secondary Particle Kinematics

PrimaryDirectionDistribution()
VertexPositionDistribution()

Interaction Vertex

SECONDARY INTERACTION RECORD

Interaction Vertex

Primary Particle Type
Primary Particle Kinematics

Interaction Vertex

Interaction Vertex
Primary Particle Type

Primary Particle Type
Primary Particle Kinematics Primary Particle Kinematics

- y P

Secondary Particle Type T Secondary Particle Type T Secondary Particle Type
Secondary Particle Kinematics SecondaryPositionDistribution() Secondary Particle Kinematics SampleCrossSection() Secondary Particle Kinematics

SECONDARY INTERACTION

B PRIMARY INTERACTION

s




PRIMARY INTERACTION RECORD

Interaction Vertex

Primary Particle Type
Primary Particle Kinematics

Target Type

Secondary Particle Type
Secondary Particle Kinematics

Interaction Vertex

Primary Particle Type
Primary Particle Kinematics

>

T Secondary Particle Type
PrimaryEnergyDistribution() Secondary Particle Kinematics

PrimaryDirectionDistribution()
VertexPositionDistribution()

T

SampleCrossSection()

Sample the primary cross section/decay

Interaction Vertex

Primary Particle Type
Primary Particle Kinematics

Target Type

‘Secondary Particle Type
Secondary Particle Kinematics

SECONDARY INTERACTION RECORD

Interaction Vertex

Primary Particle Type
| Primary Particle Kinematics

Secondary Particle Type
Secondary Particle Kinematics

Interaction Vertex

Primary Particle Type
Primary Particle Kinematics

T -

Secondary Particle Type
SecondaryPositionDistribution() Secondary Particle Kinematics

B PRIMARY INTERACTION '

. \\>

A

T

SampleCrossSection()

SECONDARY INTERACTION

Interaction Vertex

Primary Particle Type
Primary Particle Kinematics

Target Type

Secondary Particle Type
Secondary Particle Kinematics




PRIMARY INTERACTION RECORD

Interaction Vertex

Primary Particle Type
Primary Particle Kinematics

Interaction Vertex

Primary Particle Type
Primary Particle Kinematics

>
| Secondary Particle Type T
Secondary Particle Kinematics PrimaryEnergyDistribution()
Identify a relevant secondary interaction

Interaction Vertex

Primary Particle Type
Primary Particle Kinematics

PrimaryDirectionDistribution()
SECONDARY INTERACTION RECORD

Interaction Vertex

Primary Particle Type
| Primary Particle Kinematics

-

Secondary Particle Type T
Secondary Particle Kinematics

SecondaryPositionDistribution()

Secondary Particle Type
Secondary Particle Kinematics

B PRIMARY INTERACTION I8

e e
A

T

SampleCrossSection()

SECONDARY INTERACTION

Target Type » | Target Type
Secondary Particle Type T ‘Secondary Particle Type
Secondary Particle Kinematics SampleCrossSection() Secondary Particle Kinematics
Interaction Vertex Interaction Vertex
Primary Particle Type Primary Particle Type
Primary Particle Kinematics Primary Particle Kinematics
Target Type » | Target Type

Secondary Particle Type
Secondary Particle Kinematics




PRIMARY INTERACTION RECORD

Interaction Vertex

Primary Particle Type
Primary Particle Kinematics

Target Type

Secondary Particle Type
Secondary Particle Kinematics

Interaction Vertex

Primary Particle Type
Primary Particle Kinematics

SECONDARY INTERACTI

Interaction Vertex

Primary Particle Type
Primary Particle Kinematics

Secondary Particle Type
Secondary Particle Kinematics

>

T ' Secondary Particle Type
PrimaryEnergyDistribution() Secondary Particle Kinematics

PrimaryDirectionDistribution()
VertexPositionDistribution()

Interaction Vertex

Primary Particle Type
Primary Particle Kinematics

T Secondary Particle Type
SecondaryPositionDistribution() Secondary Particle Kinematics

Wi

B PRIMARY INTERACTION I8

e e
|

T

SampleCrossSection()

Interaction Vertex

Primary Particle Type
Primary Particle Kinematics

Target Type

Secondary Particle Type
Secondary Particle Kinematics

T

SampleCrossSection()

SECONDARY INTERACTION

[ \

Interaction Vertex

Primary Particle Type
Primary Particle Kinematics

Target Type

Secondary Particle Type
Secondary Particle Kinematics




PRIMARY INTERACTION RECORD

Interaction Vertex Interaction Vertex

Primary Particle Type
Primary Particle Kinematics

Primary Particle Type
Primary Particle Kinematics

> | Target Type »  Target Type
T | Secondary Particle Type T Secondary Particle Type
PrimaryEnergyDistribution() Secondary Particle Kinematics SampleCrossSection() Secondary Particle Kinematics

PrimaryDirectionDistribution()
VertexPositionDistribution()

SECONDARY INTERACTION RECORD

Interaction Vertex Interaction Vertex Interaction Vertex
Primary Particle Type

Primary Particle Type Primary Particle Type
Primary Particle Kinematics Primary Particle Kinematics Primary Particle Kinematics

Target Type > Target Type
Secondary Particle Type T Secondary Particle Type T
Secondary Particle Kinematics SecondaryPositionDistribution() Secondary Particle Kinematics

Wi

B PRIMARY INTERACTION I8

b T



Two Vertex Injection Strategies

Volume Injection

103
..
e Volume Injection: distribute events s
uniformly throughout the fiducial >
volume E o 107

e Ranged Injection: inject events up to
a specified distance outside of the

detector

e This is appropriate when &
interactions outside the detector +
are important, e.g. high-energy >

N. Kamp

muons outside of IceCube or
dipole-portal HNLs outside of

MINERVA

- 1, DIS in the ATLAS HCAL | | |0

y [m]
o

-10°

6 -4 -2 0 2 4 6
x [m]

Number of Generated Events

Number of Generated Events

y [m]

Z [m]

Ranged Injection

4000 -

2000 -

—2000 1

—4000 1

1" En BN Rl
e —

== |ceCube

Yy DIS outside IceCube

102

4000 -

o

—2000 1

—4000 1

== |ceCube

102

=
o
=
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—4000 —2000 0
X [m]

2000

4000

Number of Generated Events

1102

103

Number of Generated Events

10°
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Sampling the Neutrino Flux

e Sampling the neutrino flux amounts to sampling an

energy and a direction Enerqy Distributions in SIREN

e Many combinations possible, but some typical choices:

BB BNB/BNB-v1.0

e For abeam: tabulated 1D energy distribution +

mono-directional . HE_SN/HE_SN-v1.0
e For astrophysical neutrinos: power-law energy
distribution + isotropic direction 3 NUMI/NUMI-v1.0

e For atmospheric neutrinos: tabulated 2D energy-

direction distribution B8 T2K_NEAR/T2K_NEAR-v1.0

N. Kamp SIREN: A Toolkit for Standard and Non-Standard Neutrino Physics | 20 May 2025
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Heavy Neutral Leptons in SIREN: Production

HNLs are the first BSM physics scenario implemented in SIREN

We currently support HNL production via upscattering

0 < 0%/GeV* < 0.5 0.5 < 0?/GeV? <2 2 < 0°/GeV?

N
v, v, N v, N
X X X q
p/n
; ; ; p/nE_%r q_ig
A pln

N. Kamp SIREN: A Toolkit for Standard and Non-Standard Neutrino Physics | 20 May 2025
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Heavy Neutral Leptons in SIREN: Production

12C electromagnetic form factor

Handled by a custom interface to Y SO
L 2 2 Y I\ P S
DarkNews for X € {Z,y,Z', h'} B AN
_ 10 Mp = (L18+0834Y%) Gev (| N T
é? FS Woods-Saxon h
— 107° - ro = 1.03A1/3 fm, a = 0.523 fm
O mhostert / DarkNews-generator 10-7 - o ge:hr(fwg fm, 7o = 3_9(14/40)1/3’ s — 0.9 fm
. Fourier-Bessel w/ Nuclear Data Tables '
Abdullahi+ 2022 109 -

102 101 10
Q/GeV

2 < 0?%/GeV?
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https://arxiv.org/abs/2207.04137

Heavy Neutral Leptons in SIREN: Production

| d’c .
Handled by splines of 6 and for i
dXdy ‘%10-4"-
X = Z (following Cooper-Sarkar+ 2011) "™ X=y
X = y (following Coloma+ 2017) 10 im0 cev

0 < 0%/GeV* < 0.5 0.5 < 0?/GeV? <2

N
Va I/a N
X X
% g :_p/n
pin
A

N. Kamp SIREN: A Toolkit for Standard and Non-Standard Neutrino Physics | 20 May 2025

24


https://arxiv.org/abs/1106.3723
https://arxiv.org/abs/1707.08573

Heavy Neutral Leptons in SIREN: Decay

The SIREN-DarkNews interface handles HNL

decays via dipole, vector, and scalar portals, as 4
well as Z-mediated di-lepton decays N
Y
L
N
4
v, L, 2 W _
C

N. Kamp SIREN: A Toolkit for Standard and Non-Standard Neutrino Physics | 20 May 2025
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Heavy Neutral Leptons in SIREN: Decay

The SIREN-DarkNews interface handles HNL
decays via dipole, vector, and scalar portals, as 4
well as Z-mediated di-lepton decays N

Example: Dipole-portal HNL interactions in MINERVA

1 Initial v - Qutgoing v j Initial v — Outgoing v
: - Upscattered ' === All Events 106 { = Upscattered N* == All Events
5 - Qutgoing y — = Fiducial Events | = Outgoing y — = Fiducial Events
— 10° - — ]
O f O _
o ] o
— ' — 10° -
. S
v 104 )
N N L
— ] — 104_5
£ - f= ]
8 103‘; 8 ]
c ] S 103-
2 g
v ‘ v
T 102 - &
10 ;
| | 7,7 h'
_ T —- y
101 , , , : : : : 101 I—l I_ll l l l l l L % b % —
0.0 2.5 5.0 7.5 10.0 12,5 15.0 17.5 20.0 -1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00 f
Energy [GeV] cosb6
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Heavy Neutral Leptons in SIREN: Decay

N. Kamp

SIREN: A Toolkit for Standard and Non-Standard Neutrino Physics

Native SIREN class in
development to handle
all decay modes of
mass-mixed HNLs
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I
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Heavy Neutral Leptons in SIREN: Decay

NC Channels

CC Channels

NC Channels

CC Channels

IJ—K/+ “_Ds+

T T T
[
° XN

u-D* U~ Hadrons

0.5 1.0

N. Kamp

1.5

2.0 2.5 3.0 3.5
may [GEV]

4.0

Native SIREN class in
development to handle
all decay modes of
mass-mixed HNLs

m < m Follows Coloma+ 2020,
d w Ballett+ 2019

vt

ZIW

I
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Heavy Neutral Leptons in SIREN: Decay

NC Channels

I [GeV]

CC Channels

NC Channels

1 \
1071~
1 B

=

Branching Ratio

e NC Channels

10_1?

=
o
N

=
o
&

Branching Ratio

=
<
N

CC Channels

IJ—K/+ “_Ds+

T T T
[
T X A

Branching Ratio

|—|
<
I

u-D* U~ Hadrons

=
o
&

N. Kamp

1.5 2.0 2.5 3.0 3.5
may [GEV]

10>

CC Channels
ERa R LR R R PR ‘
5 ) ]
L N
§ W =T
_\ - Upa#0
] u—ut — yyp° Hadrons
;::::::?\\\\\ ot ﬁw 0
E 0 /
I NC Channels ~ o :ug
] ~ y
[ —
] Uu4¢0
; “nt u-K'* U~ Hadrons
| CC Channels e
101 | T | '

may [GeV]

Native SIREN class in
development to handle
all decay modes of
mass-mixed HNLs

m, < nmy,

m, > My,

N
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Follows Coloma
Ballett+ 20

+ 2020,
1

Follows Atre+ 2009
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https://arxiv.org/abs/0901.3589
https://arxiv.org/abs/2007.03701
https://arxiv.org/abs/1905.00284

That’s all fine and dandy,
put can we actually use it?



N. Kamp

Outline

2. Using SIREN for...

e BSM physics with accelerator neutrinos

SIREN: A Toolkit for Standard and Non-Standard Neutrino Physics | 20 May 2025
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BSM physics with accelerator neutrinos

e We've used SIREN to explore dipole-portal HNLs Dipole-Portal HNL
in a variety of accelerator neutrino experiments: Heavy neutral lepton (HNL)
. . ith ffective t iti
e MiniBooNE (NK, Hostert, Schneider+ 2022) " rsggeneetfcl\rfm;aennstl or
e MINERVA (NK, Hostert, Schneider+ 2022) Parameters

» Coherent-CAPTAIN-Mills (NK Thesis 2023) » My : HNL mass

e d  : effective dipole moment

e ND280 & ND280+ (M.S. Liu, NK, Arguelles 2024) A
A
\/d~ NK

¥
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https://arxiv.org/abs/2412.15051

BSM physics with accelerator neutrinos

e We've used SIREN to explore dipole-portal HNLs Dipole-Portal HNL
in a variety of accelerator neutrino experiments: Heavy neutral lepton (HNL)

with an effective transition
magnetic moment

e MiniBooNE (NK, Hostert, Schneider+ 2022)
MINERVA (NK, Hostert, Schneider+ 2022)
Coherent-CAPTAIN-Mills (NK Thesis 2023)

Parameters
e My, : HNL mass

e d  : effective dipole moment
"
A

I’'ll touch on these three V. Nz

ND280 & ND280+ (M.S. Liu, NK, Arguelles 2024)

¥
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SIREN for Dipole-Portal HNLs @ MINERVA

SIREN enables an
accurate
calculation of the
HNL production
rate

NK, Hostert, Schneider+ 2022

N. Kamp SIREN: A Toolkit for Standard and Non-Standard Neutrino Physics | 20 May 2025 30
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SIREN for Dipole-Portal HNLs @ MINERVA

Elevation View

Side HCAL

t SIREN enables an

Side ECAL .
U & 8 8
| & I 5 dCCuUrate
_ (D) e — T E
) . q:, 9 o9 8 (@)
= "q'; }/ . O 0 c O £ € .b
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SIREN further enables an accurate
evaluation of kinematic cuts from the
MINERVA elastic scattering analysis
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SIREN makes it easy to account for HNL
production in all surrounding shielding!
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SIREN for Dipole-Portal HNLs @ ND280(+)

SMRD

UA1 Magnet Yoke

e ND280’s gaseous time projection chambers
(TPCs) have low single shower backgrounds

beam

e T2K leveraged this to search for eTe™ pairs from 2% §
mass-mixed HNL decays [1]

o We used SIREN to repurpose their results and
set constraints on dipole-portal HNLs sarrel ECAL

arXiv:2412.15051

Constraints and Sensitivities for Dipole-Portal Heavy Neutral Leptons from ND280
and ND280+

M-S. Liu,"*| N.-W. Kamp,?|f| and C.A. Argiielles®}|

! Cavendish Laboratory, University of Cambridge, Cambridge, CB3 0HE, UK
2 Department of Physics and Laboratory for Particle Physics and Cosmology,
Harvard University, Cambridge, MA 02138, USA

[1] T2K 2019

oureux thesis

o
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3D rendering of our SIREN-based implementation of
ND280 and its upgrade

ND280 ND2380+

</’///% — —

\

M-S Liu, NK, C. Arguelles 2024



https://arxiv.org/abs/2412.15051

SIREN for Dipole-Portal HNLs @ ND280(+)

m, =190 [MeV] m = 342 [MeV] my=1110 [MeV]

-0.20 -0.20

1 I: i 1 5 -:. o
) e 1B S Fhal
= 0 SR = 0 SEEER

| | _2 ST ND280+ —2 ND280+
—2 0 2 4 —2 0 2 4 —2 0 2 4
z[m’ z [m] Z[m]

m, =190 [MeV] my = 342 [MeV] my=1110 [MeV]

)
=
)
[9%] SJUSA] Aeda(
)
|_|
)
[9%] SJUDAT Dbulia]1edSdN

1 53 - 1 7he 1 3 g
E '- = - - _I.-= E < o I".-l:' E Foond L ""' E :
— 0 1! e ol — 0 7 T "':'l-'!: w— O & fhEgs

-0.00 -0.00

M-S Liu, NK, C. Arguelles 2024

N. Kamp SIREN: A Toolkit for Standard and Non-Standard Neutrino Physics | 20 May 2025 37


https://arxiv.org/abs/2412.15051

SIREN for Dipole-Portal HNLs @ ND280(+)

S /)y
- ", 55 /.// The 2019 T2K search observes zero
E oy e"e” pairs in the ND280 gas TPCs,
S10-6 \'\’\.\ . / constraining the region of parameter
2 RS K A space preferred by MiniBooNE
3 - y o
§ N i/ The addition of three years of
E_g I \\ ......... VA e ND2§O upgrade data \{vi.llofurther
= | M BoONE cos improve the sensitivity
I-l c mm MiniBooNE EQE
T107| 8 ko Caveat: these constraints assume the
] - T ek Tl Bo e same efficiency for tagging mass-
19 HNL Mass m o [MeV] 1000 2099 mixed and dipole-portal HNL decays
M-S Liu, NK, C. Arguelles 2024
SIREN: A Toolkit for Standard and Non-Standard Neutrino Physics | 20 May 2025 38

N. Kamp


https://arxiv.org/abs/2412.15051

N. Kamp

Outline

2. Using SIREN for...

e SM physics with collider neutrinos
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SINE: Surface-based Integrated Neutrino Experiment
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UNDINE: UNDerwater Integrated Neutrino Experiment
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What does SIREN allow us to study?

1. Event rates using flux predictions from multiple
hadronic models and modern DIS cross sections [1]

[1] Weigel, Garcia-Soto, Conrad 2024
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1. Event rates using flux predictions from multiple
hadronic models and modern DIS cross sections [1]
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1. Event rates using flux predictions from multiple
hadronic models and modern DIS cross sections [1]
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What does SIREN allow us to study?

Event rates using flux predictions from multiple
hadronic models and modern DIS cross sections

The ability of SINE and UNDINE to distinguish
between forward charm production models
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What does SIREN allow us to study?

1. Event rates using flux predictions from multiple
hadronic models and modern DIS cross sections
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1. Event rates using flux predictions from multiple
hadronic models and modern DIS cross sections
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=
g .| SINE (250.0 fbo=1)
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charm content of the proton (Maciula+ a QGSJET + BDGJKR
2022)and the prompt atmospheric S 3] —— PYTHIAS + MS
neutrino flux (Jeong+ 2023) | T+ 3(0stat ® Ox) b=
_I_ 3O'stat
) .
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What does SIREN allow us to study?

Event rates using flux predictions from multiple
hadronic models and modern DIS cross sections

The ability of SINE and UNDINE to distinguish
between forward charm production models

Strategies to separate cosmic muon backgrounds
from neutrino-induced muons in SINE
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What does SIREN allow us to study?

1. Event rates using flux predictions from multiple
hadronic models and modern DIS cross sections

2. The ability of SINE and UNDINE to distinguish
between forward charm production models

3. Strategies to separate cosmic muon backgrounds
from neutrino-induced muons in SINE
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What does SIREN allow us to study?

1. Event rates using flux predictions from multiple
hadronic models and modern DIS cross sections
2. The ability of SINE and UNDINE to distinguish
between forward charm production models
3. Strategies to separate cosmic muon backgrounds
from neutrino-induced muons in SINE
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What does SIREN allow us to study?

Event rates using flux predictions from multiple
hadronic models and modern DIS cross sections

The ability of SINE and UNDINE to distinguish
between forward charm production models

Strategies to separate cosmic muon backgrounds
from neutrino-induced muons in SINE

The feasibility of a prototype SINE detector (one
shipping container) at the end of Run 3
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What does SIREN allow us to study?

1. Event rates using flux predictions from multiple
hadronic models and modern DIS cross sections

2. The ability of SINE and UNDINE to distinguish
between forward charm production models

3. Strategies to separate cosmic muon backgrounds
from neutrino-induced muons in SINE

4. The feasibility of a prototype SINE detector (one
shipping container) at the end of Run 3
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What does SIREN allow us to study?

1. Event rates using flux predictions from multiple
hadronic models and modern DIS cross sections s
2. The ability of SINE and UNDINE to distinguish
between forward charm production models “”g
. . £
3. Strategies to separate cosmic muon backgrounds 2 b cute NS Do) 2D Cut @ LHCh (2 7o)
N~ : 107* 1D Cut @ CMS (70fb~1) 1D Cut @ LHCb (2fb™2)
from neutrino-induced muons in SINE | @ s L cwouien it
4. The feasibility of a prototype SINE detector (one
shipping container) at the end of Run 3 T
g 100-;
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Days after deployment
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762.8 Events

21.8 Events
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Outline

2. Using SIREN for...

e SM + BSM physics with neutrino telescopes
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Charm Production in Neutrino DIS

e Long-studied sub-process of neutrino DIS (De Lellis+ 2004)
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Charm Production in Neutrino DIS

e Long-studied sub-process of neutrino DIS (De Lellis+ 2004)

e AtLO:us' — £7cX, wheres' = | V. |s+ | V. |*(u+ d)/2
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Charm Production in Neutrino DIS

e Long-studied sub-process of neutrino DIS (De Lellis+ 2004)

7

e AtLO:us' — £7cX, wheres' = | V. |s+ | V. |*(u+ d)/2

e Must also account for hadronization via fragmentation functions Dcl?(z)

do(vN — p~CX) do(WVN — p cX)

D"(z) ,
dx dy dz d¢dy Xh:f” c (&)
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Charm Production in Neutrino DIS

e Long-studied sub-process of neutrino DIS (De Lellis+ 2004) 5 e
[T}

e AtLO:us' — £7cX, wheres' = | V. |s+ | V. |*(u+ d)/2

e Must also account for hadronization via fragmentation functions Dcl?(z)

do(vN - u~CX) do(vN — u cX) h
o D
dx dy dz d¢dy Xh:f" (@) »

e Cross sections measured extensively 1 — -
by experiments such as CDHS, CCFR, < 0 F H*HQMHH
CHORUS, NuTeV (see De Lellis+ 2004 5t ., [ 4t
and references therein) R

L
02 I

- B All di-lepton data
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Charm Production in lceCube
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Charm Production in lceCube

Weir el [Garc;ia-Sloto,] C_onrad[ 2024
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Charm Production in lceCube

Lo Weigel, Garcia-Soto, Conrad 2024
| : v Light |
. . - 0.8; -——= D Charm |
e Large fraction of the DIS cross section comes from g7 Top
charm, especially at higher energies S 06|
LT-c i
e D mesons and 7 leptons have a similar lifetime >
23
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Charm Production in lceCube

Lo Weigel, Garcia-Soto, Conrad 2024
| : v Light |
. . - 0.8; -——= D Charm |
e Large fraction of the DIS cross section comes from g7 Top
charm, especially at higher energies S 06|
£ !
L e L S 041
e D mesons and 7 leptons have a similar lifetime >
oy 0.2
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e We can thus expect a similar signature in the detector: E, [GeV]

separated cascades (IceCube 2020, IceCube 2024)
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Charm Production in lceCube

o Weigel, Garcia-Soto, Conrad 2024
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e We can thus expect a similar signature in the detector:
separated cascades (IceCube 2020, IceCube 2024)
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PRL: Seven Astrophysical Tau Neutrinos Unmasked
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Charm Production in SIREN
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Charm Production in SIREN
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Charm Production in SIREN

v injection SIREN

De Lellis+ 2004 i
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Charm Production in SIREN

v injection SIREN
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~17% branching ratio to muons;

Charm Production in SIREN
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Charm Production in SIREN
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Charm Production in SIREN
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IceCube analysis underway!




Dipole-Portal HNLs @ IceCube

BSM source of separated cascades!

We consider HNL production from atmospheric v, + Eﬂ flux
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https://arxiv.org/abs/1707.08573

Dipole-Portal HNLs in SIREN
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IceCube analysis
& 0 o underway!
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Dipole-Portal HNLs in ORCA
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Mass-Mixed HNLs in IceCube

We're also exploring HNL searches 2050
with di-muons at existing and N
future neutrino telescopes
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Conclusion

e SIREN is an open-source simulation tool for neutrino physics
e We've used it to study:

e Dipole-portal HNLs with accelerator neutrinos

e New detectors for collider neutrinos

e Charm-production and HNL signatures in neutrino telescopes

pip install siren

A. Schneider, NK, A. Wen. 2024
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https://www.arxiv.org/abs/2406.01745
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Next Steps for SIREN

e Support for standard geometry files like GDML (Chytracek+ 2006)

e Thanks to S. Dolan and K. Mahn for coordinating public release
of the official ND280 detector geometry

e Integration with more neutrino cross section models, including
MARLEY (Gardiner 2021) and ACHILLES (lsaacson+ 2023)

e If you have a favorite neutrino-portal model that has non-trivial
dependence on detector geometry, let us know!

pip install siren

A. Schneider, NK, A. Wen. 2024
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