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Simulation Overview
Current Status of the Simulation, Reconstruction and Analysis
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Current Simulation Status
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Geometry BuilderGeometry 
Definition

Geometry 
.gdml File

G4Pioneer 
Geant4 Simulation

G4Pioneer 
Macro

Simulation 
ROOT file

Mixing and Reco

Reco ROOT file

Gaudi 
Option Files

Histograms

Updates in private branches

Improved Beam input - Stefan

Use LYSO prototype data to 
simulate calo response - Omar

Updated Event Mixing strategies

ATAR Tracklet and Pattern Finding - Sean
LXe Reconstruction - Ayaka

Status: 
In Preparation

Merged (develop)



Revisiting Resolution
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Revisiting the Resolution Studies
Which elements impact our resolution?

• Gradually add detector elements:

• Calo only

• Calo + ATAR

• Calo + Tracker

• Calo + Atar + Tracker

• Above + DTAR

• Above + ATAR services

• Full Detector 

All default elements as 
shown to the right
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Other aspects to be considered
• Calo reconstruction algorithm 

• Collecting all parts of the deposit (think albedo, scattering in ATAR) versus 
pile-up rejection.


• Run two versions: Collect all parts of the shower vs Omars calo 
reconstruction parameters.


• Event generator 
• Positron generator (50 or 70 MeV)

• Pion beam, exclusive  events

• Pion beam, inclusive  events


• Treatment of radiative events 
• Naive sum vs invariant mass calculations

π → eν
π → eν(γ)

X

Ultimately, the (energy) resolution 
is a convolution of geometric 
detector design, detector and 

electronics response as well as 
reconstruction strategies



P. Schwendimann

A quick reminder about the beam

• Start pure pion beam 50 cm upstream 
of ATAR


• Focus: 




• Rate:

• 420 kHz raw

• 300 kHz pion on target

σx = σy = 6.0 mm
σx′￼

= 0.17 σy′￼
= 0.07

X

Point in the  plane the pion track 
points to at creation, aka beam spot in 
absence of pion decays and scattering

z = 0
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Dealing with non-uniformities along theta
• Variations in dead material result in 

theta-dependent detector-response.

• The exact shape depends on our 
calibration strategy 
aka ADC-Channel to MeV conversion

5

All default elements were used. 
Graphs shows mean of crystal ball fit
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Dealing with non-uniformities along theta
• Variations in dead material result in 

theta-dependent detector-response.

• The exact shape depends on our 
calibration strategy 
aka ADC-Channel to MeV conversion

• Option A: Theta-dependent analysis 
Varying threshold between low and 
high bin region 
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All default elements were used. 
Graphs shows mean of crystal ball fit
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Preparing a correction for theta non-uniformities
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Preparing a correction for theta non-uniformities
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E′￼ = E0 (θ) + m (θ) ⋅ E
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Preparing a correction for theta non-uniformities

6

E′￼ = E0 (θ) + m (θ) ⋅ E How far down does this 
linear approximation work?
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Dealing with non-uniformities along theta
• Variations in dead material result in 

theta-dependent detector-response.


• The exact shape depends on our 
calibration strategy 
aka ADC-Channel to MeV conversion


• Option A: Theta-dependent analysis 
Varying threshold between low and 
high bin region 


• Option B: Calibrate them out 
Use  peak at 69.8 MeV and 
Michel Edge at 52.8 MeV?

π → eν
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All default elements were used. 
Graphs shows mean of crystal ball fit. 

Similar calibrations are used for all 
geometry variations
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Calorimeter resolution on its own

• Use 70 MeV positron emitted from 
where ATAR would be.


• Use single crystal energy response 
function provided by Omar 
 




• Accept all energy deposits

• no background rejection

• no clustering
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Flat energy resolution within the fiducial region up to statistical fluctuations.
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Adding ATAR improves resolution

• ATAR has 10% resolution in each 
strip.


• Almost no dead material, so all 
energy will be accounted for.


• Around 25 strips can explain the 
improvement in an ideal world.


• MC truth reveals 35 strips, leaving 
room for degrading effects.
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No clustering, e+ signal generator
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More details in Backup
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Effect of Tracker

• Adding tracker adds dead material


• The resolution gets degraded, very 
comparable results independent of 
wether ATAR is present or not.


• Why does ATAR not improve the 
resolution as in the situation 
without the Tracker? 
Guess: Scattering with secondaries 
passing through tracker. To be 
investigated
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The resolution impact of any element has always to be considered in context 
of all other elements present.

No clustering, e+ signal generator
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Notable asymmetry due to Target Services

• DTAR is still lacking geometry 
information and a response 
modelling.


• Target services will majorly 
degrade performance at large 
theta.
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No clustering, e+ signal generator
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Notable asymmetry due to Target Services

• DTAR is still lacking geometry 
information and a response 
modelling.


• Target services will majorly 
degrade performance at large 
theta.


• Similar behaviour at 50 MeV, 
though service effects are 
amplified.
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Effects do not scale 1:1 from 70 MeV to 50 MeV.
No clustering, e+ signal generator
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Impact of Background rejection

• Using the full clustering algorithm 
by Omar.


• Adds a 1% uncertainty at 50 MeV 
and 0.8% uncertainty at 70 MeV 
(assuming uncorrelated, gaussian)


• From calo review meeting: This 
algorithm improves high bin 
uncertainty by 20% through 
background removal.

13

Background rejection comes at a price. Algorithm parameters can be tuned for 
optimal overall performance.
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Comparing Signal to Decay generators

• Compare positron generator to the 
full beam simulation:

• Incl: 

• Excl:  only


• Compare different collection 
strategies

• Sum: Sum all observed energies

• InvM: Invariant mass calculation


• Apply usual time, box and fiducial 
cuts for beam simulation

π → eν(γ)
π → eν

14

Positron signal and invariant mass calculations agree up to statistics.
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Impact on Tail Fraction

15

Dead material only has a significant impact close to the edge when scattering 
out of acceptance becomes a problem.
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Impact on Tail Fraction

15

Dead material only has a significant impact close to the edge when scattering 
out of acceptance becomes a problem.

Average energy losses recovered, 
so no significant difference.N

(E
<

56
 M

eV
)/

N
(E

>
56

 M
eV

)

Material EffectsDifference when 
scattering out of 

Calorimeter acceptance

Generator Effects
Radiative events provide 

notable difference
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True Tail Fraction Driver

16

The tail fraction depends on calibration strategy, nuclear effects, 
radiative decays and close to the edge on scattering in material.

Overall Tail Fraction Nuclear Effects Removed
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Resolution Summary
• The positron signal generator provides resolution results that agree with 

 decays. The tail fraction however deviates due to radiative decays.


• The resolution observed is a complex convolution of geometry and 
reconstruction algorithm. The effect of a given element is impacted by the 
presence of all other elements. 
E.g. the impact of the tracker depends on if ATAR is there or not.


• The tail fraction is primarily dominated by physics processes such as nuclear 
effects and radiative decays.


• Material effects are significant in the region of the cables (resolution) and 
DTAR (tail fraction) if considering energies above 50 MeV.

π → eν(γ)

17
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Resolution impact … some considerations

18

Tail Analysis
Main Challenge:

• Michel

• Muon DIF

• Pion DIF

• RBM

Low Bin High Bin
Main Challenge:

• Pileup

• Acceptance

Main Challenge:

• Pileup

• Leakage

• Acceptance

Reverse Tail
Main Challenge:

• Muon DIF

Energy Spectrum

Fiducial Cut 
 5 - 55 ns
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Resolution impact … some considerations

18

Tail Analysis
Main Challenge:

• Michel

• Muon DIF

• Pion DIF

• RBM

Low Bin High Bin
Main Challenge:

• Pileup

• Acceptance

Main Challenge:

• Pileup

• Leakage

• Acceptance

Reverse Tail
Main Challenge:

• Muon DIF

Resolution Effects
Michel edge smearing

• Increase leakage from low to 

high bin.

• We can increase low-high 

threshold to reduce leakage 
and increase tail fraction


Ultimately, resolution has to 
be considered together with 
high bin background 
subtraction capabilities and 
tail fraction/reveal power.

Energy Spectrum

Fiducial Cut 
 5 - 55 ns



A brief overview of the triggers
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Starting from the proposal …

20

https://arxiv.org/abs/2203.01981

PI: Unbiased trigger, assert that we understand all our other triggers

CaloH: High bin trigger, Number of  events

TRACK: Low bin analysis, Number of  events

PROMPT: Immediately after  arrival,  tail reveal

π → e
π → μ → e

π π → e

https://arxiv.org/abs/2203.01981
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Implementing those triggers in the Framework

• PI: This trigger is the default trigger that all previous studies were based on. 
The response simulation requires a Pion or Muon in DTAR to even consider an 
event (unless explicitly overridden).


• TRACK: Require a tracker or calo hit in the time window between -300 to 500 
ns w.r.t. PI trigger. Extended to calo to capture annihilation in flight events.


• CaloH: Require floating sum over 10 ns to exceed 51 MeV in all sensitive Calo 
volumes combined, such that we just capture the tip of the Michel edge.


• PROMPT: Require either a tracker or calo hit in the time window between 5 
and 35 ns w.r.t. PI trigger.

X

Events get tagged for later selection. Also tag if the event completes the 
trigger by itself or if the trigger was completed by pileup.
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A quick reminder about the beam

• Start pure pion beam 50 cm upstream 
of ATAR


• Focus: 




• Rate:

• 420 kHz raw

• 300 kHz pion on target

σx = σy = 6.0 mm
σx′￼

= 0.17 σy′￼
= 0.07

21

Point in the  plane the pion track 
points to at creation, aka beam spot in 
absence of pion decays and scattering

z = 0
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Observed Rates in the simulation

22

Total Rate

(kHz)

Thereof 
single event


(kHz)
Time Range


(ns) Comments

0.27 0.27 -300, 500 Count 2+ PI in window as 1

2.9 0.5 -300, 500 Lowered Threshold to 51MeV, 
below high bin threshold (56 MeV)

2.3 1.1 -300, 500 Shorter time window

8.3 4.5 5, 35 To be investigated

Q1: What rate can the DAQ support? 
Q2: How advanced can the Trigger be? Resolution? Inv. Mass? ATAR Proximity?

Proposal Simulation
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The TRACK Trigger
Tracker or calo hit in [-300, 500], prescale: 50

• TRACK trigger criterion 
is less stringent than cuts 
used in plotting.


• May include pileup if an 
additional muon decays.


• Rate: Around 870 Hz, 
600 Hz in fiducial region.

23

2.3 kHz trigger rate, 600 Hz in fiducial volume, mostly π → μ → e

Single Event, 
Reconstructable

870 Hz

Full reconstruction deployed. Typically, 
only 5 - 55 ns is used for energy spectra

Energy Spectrum

Fiducial Cut 

 -300 - 500 ns
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The TRACK Trigger
Tracker or calo hit in [-300, 500], prescale: 50

24

Single Event, 
Reconstructable

Single Event, 
Non-reconstructable

• Basically any event where either the 
muon or pion touches DTAR but the 
pion/muon does not end up in ATAR

• In beam decay with punch-through

• Large angle scatter near DTAR edge


• Such Events would fail at least the 
BOX selection


• Rate: around 230 Hz
870 Hz

2.3 kHz trigger rate, 600 Hz in fiducial volume, mostly π → μ → e

230 Hz
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The TRACK Trigger
Tracker or calo hit in [-300, 500], prescale: 50

25

Single Event, 
Reconstructable

Single Event, 
Non-reconstructable

Multiple Event, 
Old Muon

Multiple Event, 
Beam

870 Hz

2.3 kHz trigger rate, 600 Hz in fiducial volume, mostly π → μ → e
About 1.2 kHz combined230 Hz
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2.9 kHz trigger rate results in 550 fully reconstructed events per second. 
25 Hz above 56 MeV, about 16 Hz are  events.π → eν(γ)

Energy Spectrum for CaloH
Floating sum over 10 ns exceeds 51 MeV in [-300, 500], no prescale

26

Single Events Mixed Events
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2.9 kHz trigger rate results in 550 fully reconstructed events per second. 
25 Hz above 56 MeV, about 16 Hz are  events.π → eν(γ)

Energy Spectrum for CaloH
Floating sum over 10 ns exceeds 51 MeV in [-300, 500], no prescale

26

Single Events Mixed Events

Radiative Decays: 
Sum of both particles 

exceeds energy threshold, 
invariant mass doesn’t
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2.9 kHz trigger rate results in 550 fully reconstructed events per second. 
25 Hz above 56 MeV, about 16 Hz are  events.π → eν(γ)

Energy Spectrum for CaloH
Floating sum over 10 ns exceeds 51 MeV in [-300, 500], no prescale

26

Single Events Mixed Events

Unresolved Pileup 
Two events get 
combined in the 
reconstructionRadiative Decays: 

Sum of both particles 
exceeds energy threshold, 

invariant mass doesn’t
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2.9 kHz trigger rate results in 550 fully reconstructed events per second. 
25 Hz above 56 MeV, about 16 Hz are  events.π → eν(γ)

Energy Spectrum for CaloH
Floating sum over 10 ns exceeds 51 MeV in [-300, 500], no prescale

26

Single Events Mixed Events
Resolved Pileup: 
Two events, but 
distinguished by 
reconstruction

Unresolved Pileup 
Two events get 
combined in the 
reconstructionRadiative Decays: 

Sum of both particles 
exceeds energy threshold, 

invariant mass doesn’t
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2.9 kHz trigger rate results in 550 fully reconstructed events per second. 
25 Hz above 56 MeV, about 16 Hz are  events.π → eν(γ)

Energy Spectrum for CaloH
Floating sum over 10 ns exceeds 51 MeV in [-300, 500], no prescale

26

Single Events Mixed EventsEvents removed 
w.r.t. TRACK trigger
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Energy-Time Spectrum for Prompt
Tracker or calo hit between 5 and 35 ns after PI signal, no prescale

27

Single Events Mixed Events

π → μγ → e Pileup

About 45% of PROMPT triggers are completed by a different event. 
About 11Hz  total, about 0.07 Hz tail π → e π → eν

Of 8.3 kHz, only 1.6kHz are reconstructed 
(5-35 ns). 1.1kHz in fiducial volume
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Observed Rates in the simulation

28

Prescale Total Rate

(kHz) Purpose

Event of interest 
rate

(Hz)

2 years runtime

(2e7 s)

PI 1000 0.27 Unbiased Trigger -

CaloH 1 2.9 High bin analysis

Pienu events 16 3.2E+08

TRACK 50 2.3 Low bin Analysis

Michel Events 600 1.2E+10

PROMPT 1 8.3 Tail analysis 0.07 1.4E+06

We can get the data we need to get the bare statistics uncertainties meet our 
goal. Need to work on analysis strategies to identify other sources of uncertainty 

(e.g. mudif in high bin, efficiencies, acceptances, tail reveal uncertainties)
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Summary
• The simulation framework can now deal with some basic trigger logic and tag 

events accordingly.


• A simple version of the triggers described in the proposal is implemented. 
More advanced logics can be implemented based on recommendations by 
the Trigger and DAQ groups.


• Based on the suggested triggers, the poisson statistics uncertainties will not 
be the limiting factor if we can run for 2 years (2e7 seconds).


• Input for the Discussion on Friday: We should intensify our efforts on the 
reconstruction and especially analysis side. Surprises will come from pileup 
and rare event topologies (e.g. MuDIF, AIF, Bhabha, radiative decays)

29



Backup
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Apparent energy loss matches dead material estimates

31

Docdb - 298
Jessie’s dead material studies

https://pioneer.npl.washington.edu/cgi-bin/private/ShowDocument?docid=298
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Dealing with Radiative Events
Stop in ATAR, ,  θe < 120∘ 5 ns < t < 55 ns

• Advanced: Invariant mass in 
collinear approximation 




• Naive: 



• No significant distortion apart 
from radiative tail removal

E =
1
2 (pν + ∑ Ei)

E = ∑ Ei

32

Requires direction and energy measurement for two time-coincident particles.

Impacts: 
Radiative High Tails
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Using segmentation
• Instead of a scalar sum of cluster energies, also 

consider their angles.


• Consider all particles to be high-relativistic, thus 



• Sum all momenta to find the missing 


• Compute total energy divided by 2* 

 

p = E

⃗pν

E =
1
2 (pν + ∑ Ei)

33

* Factor 2 to keep the same energy scale

Single cluster events will keep the same energy. 
Radiative events get mapped to lower energies.

Impacts: 
Radiative High Tails
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Impact of Background rejection

• Using the full clustering algorithm 
by Omar.


• This will reduce the chance for 
pileup and allow to deal with 
radiative events, improving purity 
in the high bin.


• From calo review meeting: This 
algorithm improves high bin 
uncertainty by 20%

34

Background rejection comes at a price. Algorithm parameters can be tuned for 
optimal overall performance.
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Effect of Background on Fit Uncertainty
Resample fit function with obtained  and variable  valueA B

35

LYSO LXe

 : Number of  events 
counted after 5 ns (MC truth).


: Number of  events 
extracted from fit after 5 ns.

N π → eν(γ)

NF π → eν(γ)nH(t) = Ae−t/τπ + B
τμ

τπ − τμ
(e−t/τπ − e−t/τμ)

From calo review meeting, Slide 39
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 ATAR resolution math
• Energy deposited in each strip:  

ATAR Strip resolution: 


• Calorimeter Energy:  
Calo resolution: 


• Total uncertainty: 
 




• Non-Trivial behaviour due to energy 
dependence of calo resolution - solve 
numerically.

δE
rA = 10 %

EC = E0 − n ⋅ δE
rc(EC)

σ = (EC ⋅ rc)2 + n (δE ⋅ rA)2

σ2 = ((E0 − n ⋅ δE) ⋅ rc)2 + n (δE ⋅ rA)2

36

δE = 60 keV

rC(E) = 0.01
100
E

+
2500
E2

+ 0.885

E0 = 70 MeV
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Adding ATAR improves resolution?

37

Around 25 strips could explain the 
observed improvement in an ideal world 

by virtue of multiple measurements
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How do you get from 2.9 kHz to 550 Hz?

• Michel decay statistics (40%)

• Only 19.6% of muons decay in time 

window

• Around 30% chance for an old muon 

decay (count stray muons too)


• Unable to properly reconstruct (70%)

• e.g. punch-through, lateral escapes


• Event Selection cuts

• Time window selection (99%)

• Pion stop in central ATAR box (75%)

• Calorimeter fiducial volume (89%)

38

Sum over 10 ns exceeds 51 MeV
Mixed Events


