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• 100x100 m^2 with 100m distance from IP
• 5-Layer Adaptable-Precision Pixel Detector 

(Plastic Scintillator)
• Underground 25m Decay Volume
• Steel Plate Between Layers and Decay 

Volume 
• No Veto/Detector Layer Below Decay Volume

MATHUSLA100 “Box”
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“Box”-Specific Simulation

• Leptonic and Hadronic LLP Decays
• Muon Near-Surface Background (to 

convolve with previous “MuonMapper” 
with David)

• Cosmic Ray Showers as Background 
and as Signal (initial setup completed 
yesterday)
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”Box” Signal Simulation

a->mumu | a->ee | a->uu

!!
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“Test-Stand”-Specific Simulation

• Not much focus on this effort at the 
moment (CR at MATHUSLA100 was 
more important) but tracker updates 
apply to all sub-projects

• Some improvements can be made 
since previous talk

• Will need a full geometry update from 
Mason et al. to continue in this area
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Tracking/Vertexing
• Preliminary Vertexing Complete
• Tracker Can Study 

Variation in
• # of Layers

• Pixel Width/Length

• Time Resolution

• Efficiency/Noise

• Tracker is Prepared 
for Cosmic Ray / 
Muon BG / Signal 
Event Mixing
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Next Steps
• Short Term:
• Begin Studying CR Events with Martin/JC in 

“Old-CR” mode (single layer, no tracking) and 
“New-CR” mode (multi-layer w/ tracking)

• Finish Muon BG for David
• Small CR Neutron-Backsplatter Study

• Long-Term:
• Update Vertexing to Study more than two-track 

vertices
• Finish Signal Simulation



BACKUP



August 30, 2018 16MATHUSLA

1. Goals
2. Definitions
3. Seeding
4. Track Fitting
5. Results
6. Structure
7. Input Card
8. Next Steps

Overview github.com/MATHUSLA

github.com/MATHUSLA/tracker
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Goals
Goals

Definitions

Seeding

Track Fitting

Results

Structure

Input Card

Next Steps

1. Create a general purpose 4D 
tracking/vertexing algorithm
• Use time information for upwards vs. 

downwards discrimination
• Vertices are key for 

signal/background discrimination

2. With simulation, aid in determining and 
selecting the best detector design



Definitions
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hit  : 4D point of an energy deposit in the detector
event : set of hits
track : collection of hits forming a trajectory 

through the detector
seed : subset of an event; precursor to a track

Goals

Definitions

Seeding

Track Fitting

Results

Structure

Input Card

Next Steps

LENGTH : cm
TIME   : ns
ENERGY : MeV
ANGLE  : rad

Default Units:

Algorithm Concepts:



General Seed-to-Track Algorithm
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Goals

Definitions

Seeding
Selection
Merging

Track Fitting

Results

Structure

Input Card

Next Steps

compression
1

partition
2

seed
3

join
4

track-fit
5



Pre-Seeding Selection
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Goals

Definitions

Seeding
Selection
Merging

Track Fitting

Results

Structure

Input Card

Next Steps

compression
1

partition
2

INPUT: Event
ALGORITHM:
• Sort the event in time-order
• While there are points left in the event:

• Choose the next available point
• If points ahead of chosen point are 

within time resolution and same 
detector volume, then save the 
average of those points, time 
smeared to the resolution

• Else skip points
• Return new points to the caller

PURPOSE: To make the event resemble the 
output of a real detector whether it was 
produced by one or by a simulation.

INPUT: Event and layer size.
ALGORITHM:
• Sort the event in Z-order
• Initialize first part of partition
• While there are points left in the event:

• Choose the next available point
• If points ahead of chosen point 

are within layer size then save to 
current part

• Else create new part
• Return parts to caller

PURPOSE: To split event into layers for 
seeding.



Seed Selection
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Goals

Definitions

Seeding
Selection
Merging

Track Fitting

Results

Structure

Input Card

Next Steps

seed
3

INPUT: Event partition and linear 
threshold.
ALGORITHM:
• For each combination of three parts 

from the partition:
• For each combination of points 

from each partition:
• If the three points lie within 

linear threshold then save
• Return saved seeds to caller

PURPOSE: Construct seeds which are 
good candidates for straight lines.

p1
p2 p3

p1

p2

p3

LINEAR THRESHOLD: Take first 
and last points of the potential 
seed and form a line between 
them. If the distance from the 
middle point to this line is within 
the given threshold, then keep 
the three points as a seed.



Seed Merging
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Goals

Definitions

Seeding
Selection
Merging

Track Fitting

Results

Structure

Input Card

Next Steps

join
4

INPUT: Seeds.
ALGORITHM:
• Join seeds by sequence until 

there are no more sequences.
• Join seeds by loop until there 

are no more loops.

PURPOSE: Extend seeds to form 
full tracks and remove topological 
redundancies introduced in 
seeding step. 

SEQUENTIAL_JOIN

LOOP_JOIN



Sequential Join
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Goals

Definitions

Seeding
Selection
Merging

Track Fitting

Results

Structure

Input Card

Next Steps

KEY

equality
seed

The Order of the Sequential Join is determined by the number of time-
ordered points that exist before the first equality among two seeds. 

Joining seeds by sequence means extending the first seed with the points 
in the second. The more times a seed can be sequentially joined, the more 

it gets promoted to the next step while others are discarded.

1st Order Sequential Join

2nd Order Sequential Join

If Nth Order 
sequential join is not 

possible then 
attempt (N+1)th Order



Loop Join
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Goals

Definitions

Seeding
Selection
Merging

Track Fitting

Results

Structure

Input Card

Next Steps

KEY

equality
seed

Loop joins must only be performed when the points beyond the equal 
sections are in one seed or the other but not both. If there are points in 

both seeds beyond the equal section, then they cannot be joined.

Joining seeds by loop means combining seeds which share points near their 
beginnings and endings but which may not share points in-between. 

Performing such a join will combine all the points from both seeds into one.

Loop Join
No Loop Join Possible: 

Too Complex



Track Fitting
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Goals

Definitions

Seeding

Track Fitting
Test Stand

Results

Structure

Input Card

Next Steps

• Parameterized along the Z axis
• Represented by an initial point (R4) and a velocity vector (R3)

• Use MINUIT minimization package to perform a Maximum Likelihood 
Estimation to determine the best fit track from a seed

• Use Negative Log Likelihood instead of Likelihood for numerical stability



Test Stand Pre-Seeding
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Goals

Definitions

Seeding

Track Fitting
Test Stand

Results

Structure

Input Card

Next Steps

Select points from overlapping strips which occur within the 
detector time resolution. Instead of selecting the two strip 

centers, select the center of the overlap.

This step occurs after compression but before partition. After 
seed and join are complete, the original detector centers are 

recovered for track-fit to retain an accurate !". 



Results
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Goals

Definitions

Seeding

Track Fitting

Results

Structure

Input Card

Next Steps

PLOTS:
1. Track Chi-Squared
2. Track Beta
3. Track T0, X0, Y0, Z0, VX, VY
4. Track Angular Distribution
5. Hit Count per Track (Track Size)
6. Track Count per Event

SIMULATION:
• Launch 100,000 Muons at 

Test Stand from particle gun
• ("#, %, &): (60 GeV/c,0,0)

CUTS:
1. )* < 3
2. - − /0 < 1
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increasing T ->

simulated

reconstructed

detector 
center
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Track
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track_t0
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track_x0_error
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track_y0_error
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track_angle
Entries  63087
Mean    3.092
Std Dev    0.06181

0 0.5 1 1.5 2 2.5 3
q

1

10

210

310

410

Tr
ac

k 
C

ou
nt

track_angle
Entries  63087
Mean    3.092
Std Dev    0.06181

Track Angular Distribution

track_angle
Entries  63087
Mean    3.092
Std Dev    0.06181

0 0.5 1 1.5 2 2.5 3
q

0

5000

10000

15000

20000

25000
Tr

ac
k 

C
ou

nt
track_angle

Entries  63087
Mean    3.092
Std Dev    0.06181

Track Angular Distribution

Track
Angle from +Z

Track
Angle from +Z

(LOGY)



August 30, 2018 38MATHUSLA

track_count
Entries  64545
Mean    1.477
Std Dev    0.2659

0 1 2 3 4 5 6 7 8 9 10
Track Count

10

210

310

410

510

Ev
en

t C
ou

nt track_count
Entries  64545
Mean    1.477
Std Dev    0.2659

Track Count Distribution

track_count
Entries  64545
Mean    1.477
Std Dev    0.2659

0 1 2 3 4 5 6 7 8 9 10
Track Count

0

10000

20000

30000

40000

50000

60000

Ev
en

t C
ou

nt track_count
Entries  64545
Mean    1.477
Std Dev    0.2659

Track Count Distribution

track_size
Entries  63087
Mean    7.157
Std Dev     1.665

0 5 10 15 20 25 30 35 40
Hit Count

1

10

210

310

410

Tr
ac

k 
C

ou
nt track_size

Entries  63087
Mean    7.157
Std Dev     1.665

Track Size Distribution

track_size
Entries  63087
Mean    7.157
Std Dev     1.665

0 5 10 15 20 25 30 35 40
Hit Count

0

2000

4000

6000

8000

10000

12000

14000

16000

18000

20000

22000

Tr
ac

k 
C

ou
nt track_size

Entries  63087
Mean    7.157
Std Dev     1.665

Track Size Distribution



August 30, 2018 39MATHUSLA

track_angle
Entries  63087
Mean    3.092
Std Dev    0.06181

0 0.5 1 1.5 2 2.5 3
q

1

10

210

310

410

Tr
ac

k 
C

ou
nt

track_angle
Entries  63087
Mean    3.092
Std Dev    0.06181

Track Angular Distribution

track_angle
Entries  59187
Mean    3.094
Std Dev    0.04615

0 0.5 1 1.5 2 2.5 3
q

1

10

210

310

410

Tr
ac

k 
C

ou
nt

track_angle
Entries  59187
Mean    3.094
Std Dev    0.04615

Track Angular Distribution

Before Cuts

After Cuts



August 30, 2018 40MATHUSLA

Before Cuts

After Cuts
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Before Cuts

After Cuts
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Project Structure
Goals

Definitions

Seeding

Track Fitting

Results

Structure

Input Card

Next Steps

tracker Main Tracking Library

Instance of Library for Test Standprototype

tracking 
statisticsinput card

data
Tracking Input/Output



Tracking Input Card
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Goals

Definitions

Seeding

Track Fitting

Results

Structure

Input Card
Input Format

Data File

Next Steps

• Main entry into the tracking algorithm
• Reads from data source and geometry 

source to put events in context for tracking
input card

data

Geometry Information: centers of detector 
volumes for X,Y,Z and widths for dX,dY,dZ

Data Input Keys: keys to read in from data file to 
store events

Thresholds and Settings: constants related to the 
execution of the algorithm and project specific 
information

Statistics Output Information: location of output 
and formatting



Sample Input Card

August 30, 2018 44MATHUSLA

Goals

Definitions

Seeding

Track Fitting

Results

Structure

Input Card
Input Format

Data File

Next Steps

verbose-output: true

# Thresholds and Settings
time-smearing:        true
layer-axis:           Z
layer-depth:          50
line-width:           21
seed-size:            3
event-density-limit:  0.22

# Data Setup
data-directory:           .temp/root_data
data-file-extension:      root
data-position-keys:       Time, X, Y, Z
data-position-error-keys: dT, dX, dY, dZ
data-detector-key:        Detector
data-track-id-key:        Track
data-parent-id-key:       Parent
data-momentum-keys:       E, PX, PY, PZ

# Statistics Setup
statistics-directory:      .temp/root_data_stat
statistics-file-prefix:    statistics
statistics-file-extension: root

# Geometry Setup
geometry-file:               ...world.prototype.gdml
geometry-map-file:           ...detector_map.txt
geometry-default-time-error: 2

demo/prototype/tracking.yaml

Thresholds and Settings 
specific to Test Stand. 
Changing these settings 
alters the behavior of the 
algorithm. 

Setup for Data Input. 
Specifies ROOT TTree keys 
to be read.

Setup for Statistics Output. 
Specify path for output 
directory.

Geometry Setup including a 
GDML file and a name-to-
index detector map.



Standardized Data File Format
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Goals

Definitions

Seeding

Track Fitting

Results

Structure

Input Card
Input Format
Data File

Next Steps

BASIC

• N_HITS

• Deposit

• Detector

• Time

TRACKING

• X, Y, Z
• dT, dX, dY, dZ

SIMULATION

• PDG

• Track, Parent

• E, PX, PY, PZ

OPTIONAL: These keys can also be read in to 
tracking algorithm for Monte-Carlo Studies.

REQUIRED: For each entry in 
the ROOT File TTree, the file 
reader collects all points and 
groups them by event. The 
keys: (dT,dX,dY,dZ) or 
Detector can be used to 
import points. If Detector is 
used, then a geometry file must 
be provided to the file-reader to 
parse and calculate widths. 

see previous talks on a MATHUSLA standardized file format (newest to oldest): 
indico.cern.ch/event/736042    indico.cern.ch/event/736041

indico.cern.ch/event/736040



Next Steps
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Goals

Definitions

Seeding

Track Fitting

Results

Structure

Input Card

Next Steps
Vertexing

• Improve seed merging and seed selection

• Improve classification of single track v. showers

• Add more tracking cuts as necessary

• Hit Dropping

•Multi-Stage Tracking

• Finish Vertex selection and fitting



Finding Vertices
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Goals

Definitions

Seeding

Track Fitting

Results

Structure

Input Card

Next Steps
Vertexing

There is already a preliminary vertex fitting algorithm in place which utilizes 
similar fitting strategies as the tracking algorithm.

guess
fit

• Distance to tracks is the R3 point-
point distance at a fixed time

• Distance is minimized using 
Maximum Likelihood estimation, 
varying all four coordinates of 
vertex

• Goodness-of-fit is equal to twice 
the square term of the Negative 
Log Likelihood (just like track fit)
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