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KinKal: A Kinematic Kalman 
Filter Track Fit Package
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Kinematic Track Fit History
• Invented for bubble 

chamber analysis
• Allows precision 

reconstruction of low-
momentum particles

• Integrated track fit + 
particle identification (PID)

• Replaced by geometric 
track fitting in HEP
• mass effects are small when 

• PID is performed in analysis 
using non-tracking 
information

βγ ≫ 1
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Fig. 1. A photograph (right) of an interaction K'.p+Ki.rrfr-p observed in the 
2-metre CERN Cryogenic Bubble Chamber during an exposure to a 10 GeV/c 
momentum K+-meson beam. The line diagram (left) indicates the identity of 
the particles associated with each track in the interaction. 

chamber film analysis, or more briefly, film analysis, is the name applied to the 
techniques of retrieving, collating and interpreting the information on elementary 
particle interactions stored on bubble chamber film. 

Each year, many millions of bubble chamber photographs are taken a t  the major 
high energy physics accelerator laboratories for film analysis groups, mainly from the 
universities. Initially a group makes a request to  the accelerator laboratory for an 
exposure appropriate to their research interests and if the request is accepted the 
pictures are scheduled and taken a t  a suitable time. A film analysis group usually 
leases a fast, large core, scientific computer to process the data, and a significant 
number of these groups use sophisticated semi-automatic machines to measure 
the film. The activities of a film analysis group therefore dem and awide range of 
specialists and physicists with specialist interests. The various steps of film analysis 
will now be outlined. 

Firstly, a visual search is made a t  film projectors for topologies of interest, e.g. 
all events with four outgoing tracks. A topology scan is necessary since there is 
usually no way of distinguishing between interactions with the same topology but 
involving different particles. Next, the three stereo-views of each such event are 
measured so that the tracks of the event may be reconstructed three-dimensionally 
in space. The coordinates of several points along each track image in each view are 
measured together with the fiducials which are the images of reference marks on the 
bubble chamber windows (seen as crosses in fig. 1). The actual measurements are 
made with a wide variety of different machines, the most significant difference being 
in the amount, of computer assistance employed. This assistance ranges all the way 
from simple control of the measurement sequence and storing of the coordinates. to 
almost fully automatic scanning and measurement with minimal human intervention. 

I. R. Kenyon (1972) Bubble Chamber Film Analysis, Contemporary 
Physics, 13:1, 75-104, DOI: 10.1080/00107517208205669 
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• A search for Charged Lepton Flavor Violation (CLFV)
• μ-→ e± conversion on (Al) nuclei

• Sensitivity goal: Γμ→e/Γμ capture ~ 10-16

• Requires ~1020 muons

•  Experimental Signature: a single 105 MeV electron
• ~1‰ momentum resolution needed to suppress beam μ- backgrounds
• Particle ID and directionality needed to suppress cosmic μ± backgrounds 

The Mu2e Experiment
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Mu2e experimental setup

• Consists of three superconducting solenoids:

• Production Solenoid (PS)

• Transport Solenoid (TS)

• Detector Solenoid (DS)
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Tracker Calorimeter

https://mu2e.fnal.gov/
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The Mu2e Straw Tracker
• 36 ‘planes’ of 5mm 

straws in vacuum
• 15μm mylar walls
• ~1% X0 total mass

• Central hole reduces 
beam background

• < 200μm σ Rdrift required

4

5 mm diameter 
straws

1 Tracker ‘Plane’

96 Straws

1.4 m
eters

3 meters
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• Straw hits constrain the trajectory WRT the wire position
• Distance to wire (DOCA) approximated by 

• Strongly couples geometric parameters and t0
• Discrete ionization effects introduce biases and cause non-Gaussian errors

• The calorimeter provides a (nearly) direct time constraint
• Stereo track overlay determines particle and light propagation times
• Constrains t0 with a net resolution < 500 ps

Rdrift ≈ Vdrift × (thit − t0)

Tracking Hits in Mu2e
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The Mu2e Tracking Environment
•  No external measurement of t0

• No other associated tracks or relevant accelerator timing signal

• Large magnetic field gradients
• dBz/Bz/dZ = 1.4%/meter near the tracker, 10%/meter near the target

• Low intrinsic signal/noise
• >2 GHz of stopped muons, ~100 KHz hits/straw
• ~40 signal particle hits vs ~2000 pileup hits each 1 μsec readout 

window

6

1 μsec, ~4000 hits

+
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Kinematic Track Fitting
• Time (t0) is an explicit fit parameter

• eg parameters 

• Time is the trajectory parametric variable
• ie particle position = 

• The time flow is explicitly chosen in the fit
• Particle direction = hit time order = energy loss direction
• Time order has a first-order effect on drift measurements

• Time measurements constraints are used in the fit
• Particle mass is a (static) track parameter

•
• Kinematics  are part of the trajectory

¶ ≡ {d0, ϕ0, z0, ω, λ, t0}

⃗X (¶ : t)

m ∈ {e, μ, π, K, P, . . . }
E(¶, m : t), ⃗v(¶, m : t)
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KinKal = Kinematic Kalman Filter Track Fit
• Kalman Filter implementation adapted from the BaBar track fit
• Templated fitter with 3 representations optimized for different track types
• MVA-based pattern recognition tools
• Transport in high-gradient magnetic fields
• Straw hits and calorimeter cluster hit representations
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Field-off cosmic μ± Conversion e±  Field-on cosmic μ±
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13 November 2021Stefano Roberto Soleti - Computing and Software Status and Plans

Event display developments
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Namitha Chithirasreemadam, Sophie Middleton DocDB 39600

•Several improvements to TEve (standalone GUI) 

and REve event displays (displayed in browser), 

driven by Sophie. •Development of REve (formerly Eve-7) is 

incorporating feature requests from Mu2e.

•Sophisticated event display with interactive 

features and 3D and 2D views.

•Recent work implementing interactivity for CRV 

components by Namitha.

Straight cosmic

CRV

Helices
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z0

φ0

θ
z

t0

P
X

https://github.com/KFTrack/KinKal
https://www.researchgate.net/publication/2725730_An_Object_Oriented_Kalman_Filter_Tracking_Algorithm
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• Trajectories are divided into magnetic ‘domains’ by requiring:
•  within each domain

•  = configurable threshold, set to 10-4 for Mu2e

• Domains provide a dynamically-computed step size

• Each domain’s trajectory references its local (midpoint) 
• Trajectory parameters are transported across domain boundaries

• 1st-order correction, assuming continuity of position and momentum
•  and 

• Calculated using analytic derivative tensors 

• Effectively uses helix basis for RK stepping

|q ⃗v × ⃗ΔB | / |q ⃗v × ⃗B | < ϵ
ϵ

⃗B

⃗X (¶, ⃗B : td) = ⃗X (¶′ , ⃗B ′ : td) ⃗P (¶, ⃗B : td) = ⃗P (¶′ , ⃗B ′ : td)
d¶/d ⃗B

Magnetic Field Transport
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Figure 3-11. Longitudinal field the DS3-4 region at R=0, 0.4 and 0.7 m. 

 

 
Figure 3-12. Gradient in the DS1 region at R=0, 0.4 and 0.7 m. 
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• Straw material effects are estimated using DOCA to the wire
• Moyal approximation to mean ionization energy loss
• Lynch-Dahl approximation to Moliere scattering
• 1st order parameter transport using closed-form derivatives

• Transport updated as part of the annealing schedule
• Using a dedicated ‘straw material’ updater

Straw Material Modeling
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• KERAS dense layer ANN used to filter background hits
• Variables sensitive to consistency with straw physics models

• Filtering applied iteratively as part of the annealing schedule
• Inference function generated by ROOT::SOFIE

• Implemented as an instance of hit updating
• Generic ‘updaters’ can be applied selectively to any fit object

Background Hit Filtering
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T. Saarinen
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• Rdrift has a discrete ambiguity
• The dominant cause of momentum resolution tails

• A dense-layer ANN selects resolvable cases
• Using consistency with physical drift model
• Unresolved cases constrain to the wire

• A subsequent ANN infers DOCA from  
• Solves non-linear Time to Distance relation

Δt = thit − t0
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• Fit /NDOF provides e, μ separation power
• Fit success + (N active hits) separates →e- from ←e+

• Same helicity (geometric parameters), wrong time ordering

χ2

Particle and Direction Identification

13
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• KinKal is a toolkit for precision low-momentum track fitting
• Mu2e will use it for triggering and analysis

Conclusions
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Backup
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• Momentum resolution tails persist even after hit filtering
• < 10-5 suppression factor needed to achieve Mu2e science goals

• ANN selects tracks with high-quality momentum
• Using fit global consistency, hit pattern vs expected, …

• 90% signal efficiency, tail reduced by a factor  <10-3

Track Quality Selection
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Figure 2: Reconstructed momentum resolution for simulated electrons with an ANN quality
selection (blue triangles) and without a quality selection (black circles) and their associated double-
sided Crystal Ball fits.

for our studies.
Figure 1 (dashed) shows the convolution of the theoretical energy spectra with the double-

sided Crystal Ball fit and we see that the Mu2e signal is overwhelmed by background. The large
background comes from background electrons in the high-side tail of the resolution function.
Although the fraction of such measurements is small, there are enough low-energy background
electrons that this produces a significant challenge for the experiment. To overcome this challenge,
Mu2e needs to identify and remove low-quality measurements in the high-side tail of the resolution.

3 Measurement Quality Variables

The variables selected for this study each have some sensitivity to the measurement quality. From
the Kalman fit, we know both the fraction and absolute number of hits that survived the simulated
annealing process and are used in the fit ( 5used, =used). Large values of these variables indicate
a well-constrained fit with few background hits in the final reconstruction stage. Also from the
Kalman fit, we can determine the tracker straws that should have seen hits and calculate the fraction
of straws that did contain hits

�
5expected

�
. A large value would show that there are missing hits. The

Kalman fit tries to assign a drift distance to the straw hits. If a large fraction of hits do not have
an assigned drift distance ( 5drift), then that would indicate a larger uncertainty in the hit position.

– 4 –
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Figure 1: Energy spectra of signal electrons (red) and background electrons (blue) for various
scenarios. The pale curves show the theoretical spectra [10, 11]

�
assuming signal rate is 10�16� ,

the dashed curves show the theoretical spectra convolved with the measurement resolution without
a measurement quality selection (figure 2, black), and the solid curves show the theoretical spectra
convolved with the measurement resolution with the ANN measurement quality selection (figure 2,
blue).

simulation propagates the electrons through a realistic model of the experiment and calculates the
energy deposited in individual detector elements with Geant4 [12–14]. Then, a dedicated tracker
electronics simulation (tuned to prototype data) converts the energy deposited in the tracker straws
into realistic tracker hits. To produce the expected hit environment for the track reconstruction, we
add tracker hits from other processes (e.g. proton emission after nuclear muon capture or photon
conversion in the stopping target). Standard Mu2e track finding identifies hits of potential signal
tracks from the thousands of total hits per event, and a Kalman Filter fit reconstructs the electron
trajectory from these hits, using simulated annealing [15] to improve the hit purity. From the
Kalman Filter fit, we have a measurement of the electron’s momentum. Comparing this to the
Monte Carlo truth momentum of the electron gives us the momentum resolution. The measurement
resolution has a Gaussian core and non-Gaussian tails. The Gaussian core is due to multiple
scattering of the electron, and the non-Gaussian tails are due to energy losses (on the low side) and
the non-linear straw response, impact of pile-up hits, and pattern recognition errors (on the high
side). The distribution fits well to a double-sided Crystal Ball function [16] in the high-side tail, in
the core and at the start of the low-side tail. The furthest part of the low-side tail is not important

– 3 –

A. Edmonds etal, JINST 16 (2021) 08, T08010

https://arxiv.org/pdf/2106.08891.pdf
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LHelix Parameterization (CTD 2015)
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2πΛ

(Cx, Cy)

R

P ≡ {R, Λ, Cx, Cy, ϕ0, t0}

x(t) = Cx + R ⋅ sin(ΩΔt + ϕ0)
y(t) = Cy − R ⋅ cos(ΩΔt + ϕ0)
z(t) = ΛΩΔt

Δt = t − t0 Q = − qc | ⃗B |

m̄ =
m
Q

Ω =
qc

R2 + Λ2 + m̄2

Px(t) = Q ⋅ R ⋅ cos(ΩΔt + ϕ0)
Py(t) = Q ⋅ R ⋅ sin(ΩΔt + ϕ0)
Pz(t) = Q ⋅ Λ

Pt(t) = |Q | ⋅ R2 + Λ2 + m̄2

Natural description of a looping track from an arbitrary origin



David Brown,  LBNL CHEP 2023

KinKal Package Unit Tests
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Comparison with BTrk

19

BTrk KinKal
Code 1990s C++ (pre STL) C++17

Kinematics: 
mass,Momentum

External interpretation Internal

parameteric variable 3D flightlength Physical time

BField Correction  Relative to B0 (ΔB/B < 5%)  B →B’ (all ΔB/B)

t0 external meta-fit parameter internal parameter

Annealing External Internal

Updating Model Fixed algebraic ANN-based

Trajectory Models Central Helix KLine, CHelix, LHelix

Matrix Algebra CLHEP::Matrix Root::Math::SMatrix

Memory vector<X*> vector<unique_ptr> …

Linear Algebra CLHEP, difAlgebra ROOT::Math::SMatrix, OpenBLAS

SpaceTime Hep3Vector, BbrLorentzVector ROOT::Math::GenVector

Execution time 10 ms/track 500 ms/track
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• Far from wire ⇒ hit time directly related to impact parameter

• Residual = thit - t0

• Near to wire ⇒ hit time poor approximation to impact parameter

• Residual = wire DOCA (no drift information)

Drift Resolution
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• Consider wire ⊥ to z at W, azimuth = η
• φ̄ ≡ φ0 + Wz/Λ - η
• Δ ≡ -sin(η)(Cx - Wx) + cos(η)(Cy - Wy)
• F ≡ Λ/sqrt(Λ2 + R2sin2(φ̄))
• DOCA = -F(Rcos(φ̄) - Δ) + O(r2straw/(R,Λ))
• δDOCA/δCx = -Fsin(η)
• δDOCA/δCy = Fcos(η)
• δDOCA/δφ0 = FRsin(φ̄)
• δDOCA/δR = -F(cos(φ̄)Λ2 +sin2(φ̄)RΔ)/(Λ2 + R2sin2(φ̄))
• δDOCA/δΛ = -FRsin(φ̄)Wz/Λ2

• δDOCA/δt0 = 0

LHelix DOCA Derivatives

21
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• ~2000 rectangular CsI crystals arranged in 2 disks
• 5% energy measurement, ~0.5 ns timing measurement

• Primary function: muon-electron separation
• electron E/p ~ 0.95 (with long tails), muon E/p ~0.4

• Muon rest mass energy is released in decay, but delayed

• Dominant discriminant comes from relative timing
• 105 MeV/c μ- has β=0.7, arrives ~ 3 ns later at calorimeter WRT e-

The Mu2e Calorimeter

22

Princeton -  April 20 2020G. Pezzullo  (Yale University)

Calorimeter design

95

undoped CsI

• 2 disks; each disk contains 930 undoped CsI crystals 20 x 3.3 x 3.3 cm3 

• Inner/outer radii: 35.1/66 cm
• Disk separation ~ 75 cm 
• Readout system:

➡ 2 large area SiPM-array/crystal
➡ 12 bit, 200 MHz waveform-based digitizer boards

SiPM array
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• Goal: < 1 background event over the experiment lifetime
• Suppressing the radiative tail of Michel decay electrons

• Requires excellent momentum resolution (σ< 500 KeV/c)

• Suppressing cosmic muons
• Requires an external veto with 99.99% efficiency
• Requires e/μ separation
• Requires separating upstream from downstream tracks

Mu2e Backgrounds
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FIG. 5: Momentum resolution for two di↵erent
trainings. One with MomErr as an input variable

(black) and one without MomErr as an input variable
(red).

Another important aspect of the training is the use of149

a background weight expression (Eq. 2). This weights all150

tracks with �p > 0 MeV/c as more important for the151

ANN to indentify as bad quality. The weight increases152

exponentially up to a maximum at �p = 3.0 MeV/c to153

avoid overtraining on very few events in the far tails.154

w = max
⇣
1.0, e

2.0min(�p, 3.0)
⌘

(2)

The other training parameters were left as the TMVA155

defaults. These include, but are not limited to, a sig-156

moid function for the neuron activation function, and157

(N,N � 1) hidden layers in the ANN. Studies of these158

parameters showed that their e↵ect on the final results159

are negligible.160

IV. RESULTS161

We run the trained ANN over the tracks in the simu-162

lated data sample described in Section II (107 electrons163

between 75 and 110 MeV/c).164

Fig. 6 shows good track e�ciency vs bad track rejec-165

tion for di↵erent cuts (ROC curves) on di↵erent vari-166

ables. The optimal cut point is one that achieves high167

good track e�ciency and high bad track rejections (i.e.168

the top-right corner). Fig. 6 shows that using the ANN169

to cut gets closer to this optimal point than cuts on either170

nhits or the �
2/ndf of the fit.171

Fig 7a shows the momentum resolution track quality172

selection using the ANN and the “simple” selection. Both173

selections have the same e�ciency. With the ANN se-174

lection, the high-side tail of the resolution is greatly re-175

duced. This has an e↵ect on the expected momentum176

spectrum (Fig. 7b solid), which shows that the signal177

peak is no longer swamped by the DIO background.178
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Cosmic Ray Veto

• Veto system covers entire DS and half TS
• 4 layers of scintillator

• each bar is 5x2x~450 cm3

• 2 WLS fibers/bar
• read out at both ends with SiPM

• required inefficiency ~ 10-4

Al target
tracker calo

µ mimicking the CE

WLS fiber Prototype

99
1 event/day w/o the Veto!
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• 3 msec/track execution time
• 600 KeV/c Momentum resolution

• Pileup event rejection power of ~10-4

• 2 redundant track fit seed algorithms

Conversion e- Trigger Fit

24

Conversion e- tracks 
with overlaid random 
pileup hits
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Lynch-Dahl Scattering Model
• Used to compute σ used in Kalman filter fit
• Integral screened Rutherford scattering model, 

parameterized by ‘tail fraction’
• larger fraction→larger sigma

• Can be tuned to give ‘flat’ probability 
distribution
• larger→ narrower core
• smaller→smaller tails
• Hit Straws: tail<0.9999
• Add Straws: tail<0.995

25

Lynch, Dahl: Nucl. Instr. Meth. B58 (1991) 6- 10)
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