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What do these experiments have in common?

LHCb nEXO

nEXO

CERN Collaboration
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What do these experiments have in common?

nEXO

nEXO
Collaboration

Vertex reconstruction!
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What do these experiments have in common?

High-Luminosity LHC High-Intensity Muon Beam
Precise vertex reconstruction!

Essential in high-luminosity / high-intensity experiments with many

overlapping interactions 2
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Vertex Reconstruction

Current Standard: Kalman Filter

Input: fitted tracks

¥

Extrapolation of tracks to estimate
the vertex position

¥

Update of vertex position, lterate
until position converges

Highly successful, but sequential
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Vertex Reconstruction

My master project: Vertex Fit Using

Current Standard: Kalman Filter the General Triplet Track Fit

Input: fitted tracks Input: detector hits
Extrapolation of tracks to estimate Simultaneous fit of track
the vertex position parameters and vertex position
Update of vertex position, lterate Analytical solution for the vertex
until position converges position
Highly successful, but sequential Parallelizable
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Vertex Reconstruction

My master project: Vertex Fit Using

Current Standard: Kalman Filter the General Triplet Track Fit

Input: fitted tracks Input: detector hits
Extrapolation of tracks to estimate Simultaneous fit of track
the vertex position parameters and vertex position
Update of vertex position, lterate Analytical solution for the vertex
until position converges position
Highly successful, but sequential Parallelizable

How precise is the GTTF vertex reconstruction?
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General
Triplet Track Fit



General Triplet Track Fit (GTTF)

. . Magnetic Field
A GTTF: Analytical track fit based Direction
on (overlapping) hit triplets B
e
- - .— --" . - -~ -
.- “ - ..
- ’ ~ -~ -~ -
Layer 1 Layer 5
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General Triplet Track Fit (GTTF)

Magnetic Field
A GTTF: Analytical track fit based * Directon ®
on (overlapping) hit triplets B

Layer 1 Layer 5
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General Triplet Track Fit (GTTF)

A

A GTTF: Analytical track fit based
on (overlapping) hit triplets - — s
( pping) p X, %, %...
X ......
X
y
;Z

Adapted from D. Fritz, MSc. Thesis
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General Triplet Track Fit (GTTF)

A GTTF: Analytical track fit based
on (overlapping) hit triplets

-1 )
O Fit of the curvature and hit X
positions

|
Zdl

=

k+1

Adapted from D. Fritz, MSc. Thesis
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General Triplet Track Fit (GTTF)

Al

A GTTF: Analytical track fit based
on (overlapping) hit triplets X, | | X, | %,
[ Fit of the curvature and hit X — é' ' '. _—
positions while minimizing the \,l(
d  Hit position shifts 6 X ‘)_éFit
L
y

Adapted from D. Fritz, MSc. Thesis

UNIVERSITAT /@
HEIDELBERG
ZUKUNFT

‘ SET380 Thomas Schwartze | CLFV 2026 Rome | Best Experimental Poster Award Talk Slide 13




General Triplet Track Fit (GTTF)

zdl

A GTTF: Analytical track fit based \
on (overlapping) hit triplets = =

!

Re
Ra
=

k+1

Q  Fit of the curvature and hit x T [T riven,

.
Ay
itea,

positions while minimizing the M,
Q  Hit position shifts & X "'12:
@  Multiple scattering angles © (polar) ‘ y Ous

V4

and ¢ (azimuthal) CDMS
Adapted from D. Fritz, MSc. Thesis
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General Triplet Track Fit (GTTF)

A

A GTTF: Analytical track fit based \

on (overlapping) hit triplets = = =
X1 iy X Xt 1
[ Fit of the curvature and hit X
positions while minimizing the
d  Hit position shifts 6 X
d  Multiple scattering angles © (polar) ‘ y
and ¢ (azimuthal) y4
Adapted from D. Fritz, MSc. Thesis
Nscatt — @ @ Nhit —}
2 MS,j MS,j |
X = Z 2 1 = 2 / = Z 633k 533k
]:0 ®MS 7j (I)MS aj

Multiple scattering /@
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Vertex Reconstruction
Using the General
Triplet Track Fit



GTTF: Vertex Fit

Magnetic Field
Direction

Step 1: Track reconstruction B

A Track finding

Example for a three-prong decay /@
UNIVERSITAT e
HEIDELBERG
ZUKUNFT
SEIT1386 Thomas Schwartze | CLFV 2026 Rome | Best Experimental Poster Award Talk Slide 17




GTTF: Vertex Fit

Magnetic Field
Direction

Step 1: Track reconstruction B

A Track finding
A Track fitting

Example for a three-prong decay /@
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GTTF: Vertex Fit

Magnetic Field
Direction

Step 1: Track reconstruction B
A Track finding

A Track fitting

Step 2: Track extrapolation

A Find initial vertex guess

Example for a three-prong decay /@
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GTTF: Vertex Fit

Magnetic Field
Direction

Step 1: Track reconstruction B
A Track finding

A Track fitting

Step 2: Track extrapolation

A Find initial vertex guess

Step 3: Vertex Fit

A Vertex position = pseudo-hit with

large position uncertainty

Example for a three-prong decay /@
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GTTF: Vertex Fit

Magnetic Field
Direction

Step 1: Track reconstruction B
A Track finding

A Track fitting

Step 2: Track extrapolation

A Find initial vertex guess

Step 3: Vertex Fit

A Vertex position = pseudo-hit with

large position uncertainty

Ntra.cks y
XVertex Fit — Z Xz + Vvtx5vtx l

X

Example for a three-prong decay /@
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Vertex Reconstruction
Using the General
Triplet Track Fit



Vertex Reconstruction
Using the General
Triplet Track Fit




Toy Detector Validation

Detector geometry:

A 5 Barrel layers

A First layer: r = 40mm

A Uniform magnetic field with B = 1T
in z-direction
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Toy Detector Validation

Detector geometry: Particle tracks

A 5 Barrel layers

A First layer: r = 40mm

A Uniform magnetic field with B = 1T
in z-direction

Event generation:

3 particles/event at a common vertex

Fixed momentum for all three particles
Isotropic in ¢

© e [-1.2,1.2] rad

Vertex position: Gaussian distributed along z
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Toy Detector Validation

Vertex fit quality x>
Output of

Vertex Fit
Vertex position

UNIVERSITAT /@
HEIDELBERG
ZUKUNFT

‘ SEITI386 Thomas Schwartze | CLFV 2026 Rome | Best Experimental Poster Award Talk Slide 26



Toy Detector Validation

Vertex fit quality x>

Default Detector:
A Material per layer: 0.002 X/X,
A Sensor size: [50 pm, 50 pm]

Generation:
d p=0.5GeV/c
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Toy Detector Validation

700 4
- - 2
Vertex fit qualltyx - Simulation (p = 0.5 GeV/c)
- 600 Default Detector
Default Detector: ; 500
A Material per layer: 0.002 X/Xq B— 400
A Sensor size: [50 pm, 50 ym =
[50 p pm] 3 300
O
Generation: < 200
_ >
d p=0.5GeV/c D 100
0
0.0 2.5 5.0 7.5 10.0 12.5 15.0
Fit quality x?
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Toy Detector Validation

700
- - :Z
Vertex fit qual'tyx - Simulation (p = 0.5 GeV/c)
0 600 Default Detector
— Y2 —
Default Detector: ; 500 X* PDF (Ngof = 3)
A Material per layer: 0.002 X/X, B— 400
A  Sensor size: [50 uym, 50 pm =
[50 p um] 3 300
O
Generation: % 200
_ >
d p=0.5GeV/c D 100

0.0 2.5 5.0 7.5 10.0 12.5 15.0
Fit quality x?
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Toy Detector Validation

o o 2 r 700 ]
Vertex fit qual'tyx - Simulation (p = 0.5 GeV/c)
0 600 Default Detector
— 2 —
Default Detector: ; 500 X* PDF (Ngof = 3)
A Material per layer: 0.002 X/X, B— 400
A  Sensor size: [50 uym, 50 pm =
SO Hml 2 300
O
Generation: % 200
_ >
d p=0.5GeV/c D 100

0.0 2.5 5.0 7.5 10.0 12.5 15.0
Fit quality x?
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Toy Detector Validation

Vertex position

Default Detector:
A Material per layer: 0.002 X/X,
[ Sensor size: [50 pm, 50 pm]

UNIVERSITAT

$ Default Detector
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2 4 6 8 10
Momentum p in GeV/c
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Toy Detector Validation

Vertex position 0.14 7
0.1 $ Default Detector
B Detector w/o Hit Uncertainties
Default Detector: € 0.104
A Material per layer: 0.002 X/X, = ]
A Sensor size: [50 pm, 50 pm] g 0.08 Y=
+ X
- 0.06- - -
| -
0 Material per layer: 0.002 X/X, E>>< 0.044 -
O Sensor size: ~ [0 pm, 0 um] © -
0'02_ T e e e e o o - o
0.00 L DL L DL DL L L L |
0 2 4 6 8 10
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Momentum p in GeV/c
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Toy Detector Validation

Vertex position 0.14 3
0.1 $ Default Detector
T Detector w/o Hit Uncertainties
Default Detector: € 0.101 $ Detector w/o Material
O  Material per layer: 0.002 X/X, = ]
d  Sensor size: [50 pym, 50 pm] S 0'08_;"
+— X
> -
Detector w/o Hit Uncertainties: | 0408 i :
O  Material per layer: 0.002 X/X, £20.044 -
Q@ Sensor size: ~ [0 pm, 0 um] © 0.02 ] -
Velames = & T = & & = & @
Detector w/o Material: i
QO Material per layer: ~ 0 X/X 0.004=—— e e
aterial per layer: ~ 0 0 2 4 6 8 10

A Sensor size: [50 pm, 50 ym]

Momentum p in GeV/c
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Toy Detector Validation

Vertex position 0.1473
j_ $ Default Detector
0.22 19 Detector w/o Hit Uncertainties
Two-Layer Model: € 0.104| ¥ Detector w/o Material
A Theoretical calculation of E 0 08—: \ Two-Layer Model
- 0.

resolution for a model with only
two tracking layers

A Achievable resolution given by
the detector geometry &
particle momentum

Momentum p in GeV/c
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Toy Detector Validation

Vertex position 0.14
j_ $ Default Detector
0.22 19 Detector w/o Hit Uncertainties
Two-Layer Model: € 0.104| ¥ Detector w/o Material
A Theoretical calculation of E 0 08—: \ Two-Layer Model
- 0.

resolution for a model with only
two tracking layers

A Achievable resolution given by
the detector geometry &
particle momentum

Momentum p in GeV/c
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Mu3e Experiment



Mu3e Experiment: Motivation

A Search for the Charged Lepton Flavour Violating muon "
decay:

- + -+
[,u%eee] v*
W+ €

A Highly suppressed in the Standard Model
+ Neutrino Mixing:

+ & NG +
BR(p" — efe et) =107 M Vo Ve e

— Below current or foreseeable experimental Muon decay via neutrino mixing
sensitivity

beyond the Standard Model
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Mu3e Detector: Phase 0

Outer pixel layers

0
Scintillating tiles Vertex detector

Muon beam == ‘ Target

Scintillating fibres

L

y4

—

B
1T Magnet

Recurl pixel layers
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Mu3e Detector: Phase 0

Muon beam

L

UNIVERSITAT

l

Outer pixel layers

Vertex detector

‘ Target

G

B
1T Magnet
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Mu3e Detector: Phase 0

Muon beam

L

UNIVERSITAT

l

-~ -
QOuter pixel Iaye:‘sz

»®
/
Vertex detectoré

‘ Target

G

B
1T Magnet
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Mu3e Detector: Phase 0

I/ . Re-curling Track

1 .
Outer pixe} Iayers;‘
*

I
Vertex detector

——) —
Muon beam = B
: 1T Magnet
g
y \
\ N
z A
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Signal and Background Topologies

Signal

Common vertex

Meee = MuoONn mass

> Pe=0

Coincident in time
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Signal and Background Topologies

Internal

Signal :
9 Conversion

Common vertex Common vertex
Meee = Muon mass Meee < Muon mass
Z Pe=0 Z pe >0
Coincident in time Coincident in time
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Signal and Background Topologies

Signal InternaEI Combinatorial
Conversion Background
) e
\\
e+
Common vertex Common vertex No common vertex
Meee = Muon mass Meee < MuoOn mass Meee # MUuONn mMass
2 Pe=0 2 Pe>0 2 Pe>0
Coincident in time Coincident in time Not coincident in time
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Signal and Background Topologies

Signal Combinatorial
Background
) e
\\
e+
Common vertex No common vertex
Meee = Muon mass Meee # MUuONn mMass
2 Pe=0 2 Pe>0

Coincident in time Not coincident in time
UNIVERSITAT /@
HEIDELBERG
ZUKUNFT
SEIT1386 Thomas Schwartze | CLFV 2026 Rome | Best Experimental Poster Award Talk Slide 45



Mu3e Experiment: Results

Mu3e Geant4 Simulation of
Signal and

a
a

Mu3e Simulation
4 Tracking Layers
Work in Progress

— Signal

=
o
—
O
o
8107
. — 3
Events with: re 1
Recurling tracks - 102+
(@] g
Correctly reconstructed tracks = 3
. O T
(Hits belong to the same MC B 10734
particle) G 3
e i
10_4 I T T T I T T T T I T T T T I T T T T
0 5 10 15 20
Vertex fit quality x?
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Mu3e Experiment: Results

Mu3e Geant4 Simulation of
Signal and Combinatorial
Background

Events with:

A Recurling tracks

A Correctly reconstructed tracks
(Hits belong to the same MC
particle)

103

Fraction of entries per bin

1 Illlld 1 IIIIIIII

Mu3e Simulation

4 Tracking Layers Slgnal :
Work in Progress Combinatorial
Background

=
o
~

o

Vertex fit quality x?
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Mu3e Experiment: Results

Mu3e Geant4 Simulation of c Mu3e Simulation Signal
Signal and Combinatorial Q 100 4 Tracking Layers : .
T Work in Progress Combinatorial
Background o Background
§ 1071
Events with: = i
O  Recurling tracks & 10723
A Correctly reconstructed tracks 2 :
(Hits belong to the same MC 2 10-34
particle) E
The GTTF Vertex Fit quality T d—
provides a strong 0 5 10 15 20

discrimination power between

: : 2
signal and background Vertex fit quality x
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Summary

Extension of the GTTF

. Validation of the Vertex Suitable for Use in the
to include vertex . i
. Fit with a Toy Detector Mu3e Experiment
reconstruction
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Backup
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General Triplet Track Fit: Linearization

Kink angle at layer k can be linearized

around a reference solution.

Ap= 0 + (kK — Kpef) py + O(?)
A0 = AB, o5 + (K — Kyep) pg + O(x?)

é+p¢K,

(:)+p9K.

Four parameters describe the curvature

dependence of the kink angles.

UNIVERSITAT
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S
N
S
<,

\\\
Ccircle RN

Ad=0

-
xk+1

Sketch of a hit triplet with zero kink
angle solution and zero curvature

solution
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General Triplet Track Fit: Linearization

The x? function can be re-written MS uncertainties
with the linearization: _ o\ 2
Fit parameter: X2 (i, 0;) = Y i 232 S
(93 i
— Owums,
e 3D curvature 7=0 MSH )
e Hit position shifts & Nhit;—2 ((i)w + P Kij — A(I)hit,ij (5_;))
— Minimizing this »? function T o2
. . ]=0 (pMSazJ
gives a system of linear =
hitq
equations that can be solved! op 312
I 0i% thk Oik | hit uncertainties
k=1
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General Triplet Track Fit: Vertex Fit

e \ertex Fit:

X%}TTVertex — X% + X% _|_. + gngvtx(svtx

e Pure Vertex Chi2:
o GTTVertex Fit fits vertex + tracks at the same time
o Vertex Chi2 should only describe the quality of the
vertex position fit

2 2 2 2 2
XVertex — XGTTVertex Xl;no vix Xl;no vtx X3;no vtx
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General Triplet Track Fit: Vertex Fit

Initial Vertex Guess

P ~
e Find intersection points for -~ / S
all tracks in xy plane s > . / )
e Evaluate the z-coordinates / I \
\
e Average the intersection / \ o \ I
points I | @\ /
/
N\ 1 \
\ |

-
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Toy Detector: Two Layer Model

>

: _ U 0 :
i o7=0 detector2 : >0 Assuming one of the layers has
i i a perfect resolution, it follows
r { ﬁ . e 2 : rom geometrical arguments:
M ; beam pipe
o _’L} _ Ovtx . r1
(@) 02 g — 11
Ovtx ro

2 2 =
g | 9 _
Ovtx = \/<—02) -+ (—01> ai r2 b
ro — T o — 1
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Toy Detector: Two Layer Model

Final Equation: Expected Vertex
Resolution

| 2
(ri+7r3) d2 (13.6 MeV/c [z ( ( T )))
t J(rz—rm 12" '\ pB VX X
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