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What’s a LArSoft? 
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LArSoft is a layer of modules, classes, and tools that are built on the art event processing 
framework, and are common to all of the liquid argon experiments. 

art supports a lot of the Fermilab physics programme: muon experiments, liquid argon experiments, 
and other neutrino experiments. 

The art mountain range

See (old) art documentation here

https://doi.org/10.1088/1742-6596/396/2/022020
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art/LArSoft can be used to apply reconstruction algorithms to our data, or to build a simulation of 
our experiments from scratch. 

Why would we want to simulate our experiments?
In simulation, we have access to truth 
information, so we know a given neutrino’s 
flavour, energy, interaction point, and the 
particles it produced.  
 
Fantastically useful for validating 
reconstruction and analyses are doing 
what we want! 

Data Simulation

e?γ? γ

e+e−
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LArSoft is modular, and is built up of many packages 
with a complex dependency chain…

* from LArSoft website
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LArSoft is modular, and is built up of many packages 
with a complex dependency chain…

which gets even worse when you take into accout the 
external products it depents on

different packages can be accessed through 
environment variables 

${NAME}_INC, ${NAME}_DIR   
ie $LARSIM_INC, $LARSIM_DIR

* from LArSoft website
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LArSoft is modular, and is built up of many packages 
with a complex dependency chain…

which gets even worse when you take into accout the 
external products it depents on

These are the bits relevant for the simulation 
I won’t get to talk about all of these in detail, 

but some will look familiar by the end!

* from LArSoft website
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Anatomy of a LArSoft WorkFlow
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Data Conversion

Simulation Processes

S1 F
1 S3 F

2S2

F
1 D1 F

2

R1 F
3R2 R3 F

4R4 R5 A1 F
5

Reconstruction Processes
Make  

Analysis Files

Effectively, all art-based experimental simulation/reconstruction chains will look something like this

Simulated  
Data Chain

Detector 
Data Chain

with sim/reco processes (S1…3, R1…5) chained together to make intermediate files (F1…5)

Numbers of processes and intermediate files 
will vary from experiment to experiment
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Data Conversion

Simulation Processes

S1 F
1 S3 F

2S2

F
1 D1 F

2

R1 F
3R2 R3 F

4R4 R5 A1 F
5

Reconstruction Processes
Make  

Analysis FilesSimulated  
Data Chain

Detector 
Data Chain

Covered in this lecture …up to the point that data and simulation are treated the same

Will be covered tomorrow/Wednesday
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Anatomy of a LArSoft WorkFlow
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Simulation Processes

Event GenerationDetector 
Geometry Particle Propagation Detector Response

The processes that we’re dealing with for simulation are 
event generation, particle propagation, and detector response

To ReconstructionF
1

F
3

F
2
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LArSoft Modules
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Producer Module Filter Module Analyser Module
Add data products 

to the event
Remove events 
based on some 

criteria

Inspect data 
products, make 

ROOT hists, TTrees

A module is a self-contained piece of code that can generate new  
data products (stuff) or operate on data products that are already in files

event event

event

LArSoft is built on modules
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Producer Module Filter Module Analyser Module
Add data products 

to the event
Remove events 
based on some 

criteria

Inspect data 
products, make 

ROOT hists, TTrees

event event

For simulation and 
reconstruction, 
almost entirely 

dealing with with 
producer modules

event

LArSoft Modules

A module is a self-contained piece of code that can generate new  
data products (stuff) or operate on data products that are already in files

LArSoft is built on modules
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Module

A module should do one thing,  
eg generate events, process a reconstruction algorithm

Several key functions have an order that art knows to follow

Module Constructor 
beginJob 

beginEvent 
produce/filter/analyze 

endEvent 
endJob

Constructor for the module 
Runs at the beginning of the job 
Runs at the beginning of every event 
“For every event, do these things” 
Runs at the end of every event 
Runs at the end of every subrun

Many modules can be linked together

LArSoft Modules



Adam Lister | University of Wisconsin — Madison | LArSoft Workshop 202613

Module

FHiCL 
file

Tools

Configuration file that tells art/LArSoft what modules,  
to run, and how to configure modules, services, tools

FHiCL: Fermilab Hierarchical Configuration Language

eg Geometry service for detector geo information

Utility singleton class that is configured once per job  
and can be accessed from any module

TFileService for interfacing with ROOT files

Auxiliary utility class that can be accessed by a module
generally for algorithms that might have use in  
multiple modules. Unlike services, can be instantiated  
as many times as you like, with different configurations.

art 
services

LArSoft Modules
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M1
M1

Simulation Processes

Event Generation F
1

F
3

M1

Detector 
Geometry Particle Propagation F

2 Detector Response

M7M6M5M2 M3 M4
To Reconstruction

So expanding the example from earlier, it looks something like this…  
with modules M1…M7

multiple generation modules could be run, 
depending what we’re simulating
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M1
M1

Simulation Processes

Event Generation F
1

F
3

M1

Detector 
Geometry Particle Propagation F

2 Detector Response

M8M7M6M3 M4 M5
To Reconstruction
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MicroBooNE TPC A detector geometry is provided in GDML format 
Geometry Description Markup Language

Photmultiplier Tubes

Light guide bars

Anode wire plane

Field cage

Each component is defined by a 
volume with a geometry and material, 

which can then be placed in the 
correct place to build up the detector

Supports

volFieldCageTube{Top/Bot/Front/Back}

https://doi.org/10.2172/1423219
https://gdml.web.cern.ch/GDML/
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… inside a Cryostat

MicroBooNE TPC

Electronics racks 

Cryostat

Supports

A. Hackenburg Thesis: https://doi.org/10.2172/1423219 

A detector geometry is provided in GDML format 
Geometry Description Markup Language

https://doi.org/10.2172/1423219
https://gdml.web.cern.ch/GDML/
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… inside a Cryostat

… inside a building

MicroBooNE TPC

LArTF Building

Surrounding dirt

A. Hackenburg Thesis: https://doi.org/10.2172/1423219 

A detector geometry is provided in GDML format 
Geometry Description Markup Language

https://doi.org/10.2172/1423219
https://gdml.web.cern.ch/GDML/
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… inside a Cryostat

… inside a building

MicroBooNE TPC

Needs to be detailed!
Need to understand neutrinos that interact in material surrounding 
the LAr, could be a background to analysis!

A. Hackenburg Thesis: https://doi.org/10.2172/1423219 

A detector geometry is provided in GDML format 
Geometry Description Markup Language

https://doi.org/10.2172/1423219
https://gdml.web.cern.ch/GDML/


Adam Lister | University of Wisconsin — Madison | LArSoft Workshop 202620

MicroBooNE TPC

In general, you won’t need to deal with GDMLs directly 
Experiments generally have these in place 

You’ll get detector geometry from the Geometry service within LArSoft

Z

Y

X

Coordinate System 
Z always points in the beam direction 
Y points away from the Earth's surface 
X direction is chosen to define a right-handed coordinate system 
 
Origin is detector-specific

A. Hackenburg Thesis: https://doi.org/10.2172/1423219 

https://doi.org/10.2172/1423219


Adam Lister | University of Wisconsin — Madison | LArSoft Workshop 202621

M1
M1

Simulation Processes

Event Generation F
1

F
3

M1

Detector 
Geometry Particle Propagation F

2 Detector Response

M7 M6M5M2 M3 M4
To Reconstruction
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The Simplest Generator: Single Particles
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Tells job which particle species to simulate

Can be used to simulate single particles in detectors
inside your prodsingle fcl file you’ll have something like this

Full particle zoo available from the PDG

https://pdg.lbl.gov/2007/reviews/montecarlorpp.pdf
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The Simplest Generator: Single Particles
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Tells job which particle species to simulate

… with some momentum

… at some position

… at some angle

Can be used to simulate single particles in detectors

(with some spread, sigma)

(with some spread, sigma)

(with some spread, sigma)

inside your prodsingle fcl file you’ll have something like this
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The Simplest Generator: Single Particles
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Running the fhicl file will produce an artroot file 

artroot file != root file

you can open an artroot file in root,  
but navigating it is going to become painful quite quickly

Not for the faint of heart
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The Simplest Generator: Single Particles
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Running the fhicl file will produce an artroot file 
You can see what’s in an artroot file by using eventdump.fcl

These are just labels defined by the fhicl file

What type of data product was put 
into the event?

Class definitions can be found in doxygen
LArSoft doxygen DUNE doxygen SBN doxygen

https://code-doc.larsoft.org/docs/latest/html/index.html
https://internal.dunescience.org/doxygen/
https://sbnsoftware.github.io/doxygen/
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The Simplest Generator: Single Particles
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Running the fhicl file will produce an artroot file 
You can see what’s in an artroot file by using eventdump.fcl

MCTruth Doxygen page

A generator will produce a set of MCTruth objects

These store information about what generator produced 
the event, and a collection of MCParticles, which define 

particle species, start points, momenta, and energies

https://code-doc.larsoft.org/docs/latest/html/classsimb_1_1MCTruth.html
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Focusing	HornsTarget Decay	Pipe

π-

π+ νµ

νµ/νµ

p

Generating Neutrinos
First up, we will need a beam simulation! 

Simulate protons on the target, focusing of 
secondary particles, their decay into neutrinos, 

and their propagation to detectors
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ICARUS arXiv:2603.22557DUNE  EPJC 80 10, 978

Generating Neutrinos
First up, we will need a beam simulation! 

Simulate protons on the target, focusing of 
secondary particles, their decay into neutrinos, 

and their propagation to detectors

Done outside of LArSoft!
Produce “flux” files in 
one of a few formats 
that can be read into 
LArSoft generators

https://arxiv.org/abs/2603.22557
https://doi.org/10.1140/epjc/s10052-020-08456-z
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GENIE NuWro GiBBUNEUT MARLEY

These neutrino flux files can then be passed into your favourite neutrino interaction generator
GENIE has become the standard for the LAr world, but there are many generators available

These generators randomly sample physics processes to decide whether a given neutrino will interact,  
what process it will interact by (quasi-elastic, resonant pion production, meson exchance current),  

what particles it will produce, their dynamics,   
and whether the particles undergo any final state interactions

other generators are available

Generating Neutrinos

https://genie-mc.github.io
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GENIE

These neutrino flux files can then be passed into your favourite neutrino interaction generator
GENIE has become the standard for the LAr world, but there are many generators available

Generating Neutrinos

GENIEHelper 
deals with flux, event 

timing, etc
GENIEGen_module 

for each event…

The generators are not native LArSoft tools, and so they have some interface so that 
LArSoft can tell the generator to generate an event

prodgenie.fcl

artroot file

configures jobpasses GENIE configurationtalks to 

… and GENIE then passes the event back to be saved 

lar
sim

nu
ge

n
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Other Generators
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Cosmic Ray simulations: 
Cosmic-induced particles are a 
major background to surface 
LArTPCs, and are a useful 
calibration source 

•CRY 
•CORSIKA

TextFileGen:
For when there is no plugin for art/LArSoft, 
most useful for Beyond Standard Model searches 
that might not be covered by available generators

Uses HEPEVT standard data format

The route to generating events might be slightly different,  
but in the end we end up with a set of MCTruth objects

https://nuclear.llnl.gov/simulation/
https://www.iap.kit.edu/corsika/
https://arxiv.org/pdf/hep-ph/0109068
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Particle Propagation
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Reminder: The MCTruth objects are really 
just a vertex position and a list of particles 
produced with their directions/momenta

As these particles travel, “stuff” happens, and 
we simulate this with Geant4

There are alternatives, eg FLUKA, or MCNP, 
but Geant4 is the standard and almost certainly 

what you will be using.

π
μ

p
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Reminder: The MCTruth objects are really 
just a vertex position and a list of particles 
produced with their directions/momenta

As these particles travel, “stuff” happens, and 
we simulate this with Geant4

Each time Geant4 takes a step, it randomly 
samples what physics processes could happen 
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ionisation
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Reminder: The MCTruth objects are really 
just a vertex position and a list of particles 
produced with their directions/momenta

As these particles travel, “stuff” happens, and 
we simulate this with Geant4

ionisation

ionisation

ionisation 
and decay!

μ

decay!

ionisation 
and  productionδ

e

e

Each time Geant4 takes a step, it randomly 
samples what physics processes could happen 

When a new particle is produced, it is added to 
the list of particles to track
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Reminder: The MCTruth objects are really 
just a vertex position and a list of particles 
produced with their directions/momenta

As these particles travel, “stuff” happens, and 
we simulate this with Geant4

ionisation

ionisation

ionisation 
and decay!

μ

decay!

ionisation 
and  productionδ

e

e

Each time Geant4 takes a step, it randomly 
samples what physics processes could happen 

When a new particle is produced, it is added to 
the list of particles to track

… and it iterates until it has tracked all particles
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Models for Geant4 10.6 configured with  
QGSP_BERT_HP_EMZ

Exactly what processes are considered will 
change based on how Geant4 is configured 

Different physics live in different “physics lists” 
and are fhicl configurable

QGSP_BERT_HP_EMZUses Quark Gluon String 
model at high energies

Bertini Cascade model 
at low energies

High Precision  
neutron model

“EMZ” or “Opt4” is collection 
of most accurate EM models

Details on the physics lists can be found in the G4 physics list guide

http://www.apple.com
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Models for Geant4 10.6 configured with  
QGSP_BERT_HP_EMZ

Exactly what processes are considered will 
change based on how Geant4 is configured 

Different physics live in different “physics lists” 
and are fhicl configurable

QGSP_BERT_HP_EMZUses Quark Gluon String 
model at high energies

Bertini Cascade model 
at low energies

High Precision  
neutron model

“EMZ” or “Opt4” is collection 
of most accurate EM models

Details on the physics lists can be found in the G4 physics list guide

In transition regions, G4 randomly chooses the model, linearly 
scaling down (up) the fraction of the time it chooses the  

low-energy (high-energy) model.

http://www.apple.com
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artg4tk 
art/geant4 interface

larg4Main_module 
for each event… myg4.fcl

configures jobpasses Geant4 configurationbuilds on top of 

which then passes back a propagated event 

Similar to with generators, G4 is an external tool, and we use a module, LArG4 (or largeant), 
 which talks to artg4tk, which interfaces art and Geant4

…though for the propagation step we’re not just running 
largeant - what are these extra modules doing?

WARNING: Could change per experiment!

lar
g4

ar
tg

4t
k
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FHiCL files are genius 
because they allow you to 
inherit a configuration and 

overwrite a specific 
parameter

paramblock: {

myparam1: true 
myparam2:10


}

mybasefhicl.fcl

#include mybasefhicl.fcl 
 
paramblock.myparam2: 20

mymodifiedfhicl.fcl
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FHiCL files are genius 
because they allow you to 
inherit a configuration and 

overwrite a specific 
parameter

FHiCL files are a nightmare 
because they allow you to 
inherit a configuration and 

overwrite a specific 
parameter

paramblock: {

myparam1: true 
myparam2:10


}

mybasefhicl.fcl

#include mybasefhicl.fcl 
 
paramblock.myparam2: 20

mymodifiedfhicl.fcl

paramblock: {

myparam1: true 
myparam2:10


}

mybasefhicl.fcl

mymodifiedfhicl_1.fcl
mymodifiedfhicl_1_1.fcl

mymodifiedfhicl_1_1_1.fcl
mymodifiedfhicl_2.fcl

mymodifiedfhicl_2_1.fcl
mymodifiedfhicl_2_1_1.fcl
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Not just a problem in theory, it happens a lot in development!

You can manually navigate FHICL inheritance by 
looking in the paths in $FHICL_FILE_PATH

alternatively use findfcl or find-fhicl.sh if they’re 
available on your machine (implementation in backups!)
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fhicl-dump is another useful tool 
which will expand all configurations 

in the fhicl file, and should be 
available when LArSoft is setup. 

-a option will print out a comment 
telling you where a given 

parameter is defined

A full, top-level fhicl file which you could run

Full configuration, attained with fhicl-dump
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Armed with this, we can find out that the 
IonAndScint and IonandScintExternal 

configurations are both calling the same module, 
IonAndScint, just with different options 

fhicl-dump

Once you know the module name, you can get 
a clue where to find it with  

lar --print-available module 

which gives us a hint to look in LARSIM
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The IonAndScint module takes the output 
of largeant and applies recombination 

effects that depend on the E-field.

This is why there are two calls to the module, the 
first is inside the TPC, where there is an E field, 

the second is outside the TPC, where there isn’t

Phys. Rev. B 20, 3486

(charge)

(light)

https://doi.org/10.1103/PhysRevB.20.3486
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If we look in the output artroot file (using eventdump.fcl), you can see we have: 
- The MCTruths from the generator stage 
- A set of MCParticles from running the largeant module and an association (art:Assn) that lets us map 

between MCParticles and the MCTruth object. 
- Some SimEnergyDeposits from largeant that have been dropped 
- The output SimEnergyDeposits from running the IonAndScint module 
- A bunch of stuff related to photon/PDS simulation that will be covered tomorrow
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Detector Simulation

We have some simulated particles that have recombination 
applied, but what would our detector actually see?

48

In principle, each detector could have a custom detector simulation 
 

In practice, many pieces of the response simulation are common to 
all experiments, and so we hand off the detector response 

simulation to WireCell

https://wirecell.bnl.gov
https://iopscience.iop.org/article/10.1088/1748-0221/13/07/P07006
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M = (Depo ∗ Drift ∗ Duct + Noise) ∗ Digit

Detector Simulation
To get to a fully simulated waveform, M, we need five pieces
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M = (Depo ∗ Drift ∗ Duct + Noise) ∗ Digit

Detector Simulation
To get to a fully simulated waveform, M, we need five pieces

Depo the energy depositions are what we got from 
the previous step ✅

Phys. Rev. B 20, 3486
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M = (Depo ∗ Drift ∗ Duct + Noise) ∗ Digit

Detector Simulation
To get to a fully simulated waveform, M, we need five pieces

Deposition

Phys. Rev. B 20, 3486

JINST 16 P09025

“Drift” not simulated, effects are parameterised and applied!
Electron lifetime + diffusion (longitudinal and transverse) depend 

on the time electrons spent in the LAr and the electric field

These are fhicl configurable

cm2/s

mm/ sμ
ms
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M = (Depo ∗ Drift ∗ Duct + Noise) ∗ Digit

Detector Simulation
To get to a fully simulated waveform, M, we need five pieces

Deposition

Phys. Rev. B 20, 3486

Drift
Electron lifetime + diffusion

JINST 16 P09025
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Simulating the Field Response and Electronics Response
“how does a given wire respond to a single electron”

JINST 13 P07006

JINST 13 P07006

field is bipolar on induction planes,  
unipolar on collection planes
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M = (Depo ∗ Drift ∗ Duct + Noise) ∗ Digit

Detector Simulation
To get to a fully simulated waveform, M, we need five pieces

Deposition

Phys. Rev. B 20, 3486

Drift
Electron lifetime + diffusion

JINST 16 P09025
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Duct
Field/Electronic Response

Noise depends on the specifics of 
how the electronics are configured 

and scales as wire length

JINST 12 P08003 JINST 12 P08003
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M = (Depo ∗ Drift ∗ Duct + Noise) ∗ Digit

Detector Simulation
To get to a fully simulated waveform, M, we need five pieces

Deposition

Phys. Rev. B 20, 3486

Drift
Electron lifetime + diffusion
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Field/Electronic Response

JINST 12 P08003

Noise Digitize

Depends on the number of 
bits in the ADC, and the 

sampling rate
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Cosmic Data Overlays

55

Some experiments choose to use “cosmic overlays” rather than simulating their cosmic background 
Here, they overlay a simulated neutrino on a data event that only contains cosmic rays

Benefits: free “perfect” noise distribution and distribution of cosmic rays 
Challenges: Need a lot of unbiased trigger data, your detector simulation needs to be really good,  
otherwise ML algorithms could use wrongly simulated detector to pick up on data/mc differences!
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What Do We have After DetSim?
After DetSim we have two new collections of objects, sim::SimChannels, and raw::RawDigits

SimChannels hold all of the true charge/
energy deposited on each channel from 

simulation, including a vector of sim::IDEs 
that tell you which Geant4 tracks 

contributed to the deposited energy.

rawDigits are the end of our simulation 
chain, and hold just information we also get 

from data - effectively just waveforms

https://code-doc.larsoft.org/docs/latest/html/classsim_1_1SimChannel.html
https://code-doc.larsoft.org/docs/latest/html/classraw_1_1RawDigit.html
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Signal Processing!

58

JINST 13 P07007

First step of reconstruction
Applies to both simulation and data! 
For simulation, this tries to undo all the work we 
just did so we can see residual effects.

Noise filtering is generally only done on data  
(we simulate post-noise-filtered noise spectrum)

Deconvolution tries to remove the effect of the 
electronics and field response, 

https://iopscience.iop.org/article/10.1088/1748-0221/13/07/P07007
https://wirecell.bnl.gov
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Summary

• LArSoft is used to build simulations of our experiments, so that we can test our 
reconstruction and analyses 

• Detector geometries and responses differ, but the tools for generation, 
propagation, and detector simulation are largely shared! 

• The software for LAr is constantly evolving…

59
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Summary
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LArSoft is the tool the field uses now,  
Over the next 2-3 years, DUNE will move to PHLEX
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LArSoft Cheat Sheet

• lar -c eventdump.fcl <input artroot file> 

• shows you what data products are in an artroot file


• fhicl-dump <input fcl file> 

• prints the entire configuration, -a shows path to where parameter is set


• find_fhicl.sh/findfcl <input fcl file> 

• finds the fcl file in the $FHICL_FILE_PATH (see next slide)


• lar --print-available <module/service/tool> 

• prints out all available modules, services, tools
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#!/bin/bash 

function usage(){ 

   echo "INFO  : Usage `basename $0` [fclname]" >&2 

} 

if [ $# -lt 1 ];then 
    usage 
    exit 1 
fi 

THIS_FHICL_NAME=$1 

if [ -z $FHICL_FILE_PATH ];then 
    echo "ERROR : \$FHICL_FILE_PATH must be set before running" >&2 
    exit 1 
fi   

# We need to split FHICL_FILE_PATH into a list of directories 
THIS_FHICL_FILE_PATH=`echo $FHICL_FILE_PATH | tr ":" " "` 

# Remove duplicated directory entries 
THIS_FHICL_FILE_PATH=`echo $THIS_FHICL_FILE_PATH | tr " " "\n" | sort -u | tr "\n" " "` 

#Now turn THIS_FHICL_FILE_PATH into an array 
THIS_FHICL_FILE_PATH_ARRAY=( $THIS_FHICL_FILE_PATH ) 

#Now loop over the directories in fcl file path 
for (( i = 0; i < ${#THIS_FHICL_FILE_PATH_ARRAY[@]}; i++ )) 
do 
    THIS_DIR=${THIS_FHICL_FILE_PATH_ARRAY[$i]} 
    if [ ! -e $THIS_DIR ];then 
      continue 
    fi 
    THIS_FIND_QUERY="find  $THIS_DIR -maxdepth 1 -iname '*$THIS_FHICL_NAME*'" 
    eval $THIS_FIND_QUERY 
done 

code to find a fhicl file 
path from a fcl name


