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Track reconstruction

e Extract physics properties from particle tracks
e Allows for projection to or through other
detectors, e.g Calorimeter, Cherenkov Detector

e |dentify secondary decays

Challenges:

e Identify signal tracks within a large background
(Muon-Collider)

e Match tracks to detector hits in high occupancy
regions (LUXE)
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Pattern Building for Track Reconstruction @  partclehiton detector

— — = true particle track
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Pattern Building for Track Reconstruction

Build patterns from detector hits:

e doublets

.—. doublet
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Pattern Building for Track Reconstruction ®-® doublet
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Pattern Building for Track Reconstruction :': o folr
triplet
.—.—.—. quadruplet
Build patterns from detector hits: - N
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Pattern Building for Track Reconstruction |
@ @ @ foketriplets

@—@—@ truequadruplets

Build patterns from detector hits: - ~
e doublets
e triplets r f

e quadruplets 4 / / T
Pattern building is a purely combinatorial task // N
4

4 _J
—computationally costly for a high number of particles /
- // e Y,
Goal: Identify patterns stemming from a y[ z
single particle

\_ Y, X
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Measuring Track Reconstruction

Quadratic Unconstrained Binary Optimisation as

Hamiltonian formulation of the track reconstruction:

i j<i i=1
e T.€{0, 1} as binary representation of a triplet h, Q hg ,
t [T, 7,7,...T]—-10011,..,0]
° bij as interactions of triplets
e a as quality of a triplet s h3? h,

Ground state of the Hamiltonian is the optimal solution
of the track reconstruction task h, h,
— resulting binary vector t,._tells which triplets to keep
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VQE - Variational Quantum Eigensolver

Qubit Hamiltonian /
Choice of ansatz N
Initial parameters 90 New set of 9 values H = z Z + Z s o
Classical Optimizer .
¢ # A i J<i
Repeat until
|0) — Ry (61) —P A convergence
l to obtain
10) — Ry (82) —— l o — ming, E(6)
0) — Ry (03) —= DA E©®) = <y, | H |y, >
State Expectation
preparation estimation A dV anta g e:

Source: edited from http://opengemist.1gbit.com/

dim(H) = 2"x 2", then <y|H|p> needs

e 0(2°") operations classically

e O(Poly(n)) operations with a quantum computer
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Tomorrow at 11am by Ruth Jacobs:
LUXE - A new experiment to study non-perturbative

ReCO n St r u Ct i o n Of p o s it ro n t ra c ks i n L U X E QED in electron-laser and photon-laser collisions

LUXE: e*e pair creation through electron-laser and ~ 67,000 e

photon laser collisions

40TW laser, e-laser, & = 7, first detector layer
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Track level efficiency

Compare three different solving methods

e Combinatorial Kalman Filter > e
c 1= e o —
e Variational Quantum Eigensolver (Simulation) -3 : ‘\ :
. . = 0.95( =
e Exact Matrix Diagonalisation - ]
0.9 E
0'85;_ 40 TW laser, e-laser A —;
0.8~ =
VQE and exact diagonalisation: QUBO partitioned - exact ]
: 0.75 =
into smaller parts (sub-QUBOSs) corresponding to - VaE .
: : 0.7 4 CKF =
a 7 qubit system and solved sequentially. - \ ]
065+ i v+ | i+ 121 v 3 v v 1ol o9l w5 v

2 3 4 5 6 7

~ 140 e* ~ 67,000 e*
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Tracking challenge in Muon Colliders

8 =
Myon decays result in secondary and tertiary §F 1 1 1 ]— neutrons
s P
particles (Beam-Induced-Background) ¢ [ @] [MostBBarrive ) |— photons
2 107 E_ ............ ............. Wlth a delay Of .....
@ F ~1-10ns . |~ electrons
Challenge: Identify signal tracks within a large 10°E
background B
10° =
Time information is a crucial component to B I | N W WO NN NS SO S
suppress BIB particles ‘S 1 I S T A S S
168 |oin] DUNCH
E crossing time
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Source: https://doi.org/10.1007/s41781-021-00067-x
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Pattern building with time information

TOF corrected time of hits
in the tracking detector

Idea: Include time information when building

.;:' i Muons from IP: 6, = 60ps
lﬂ' ! P .I .............................................
patterns — 4D quantum algorithm: g i o Ik I Vuons from IP: o, = 30ps
— i I BIB: Inner + Outer Tracker
¢ Veto patterns Wlth tlme Informatlon 08_: A.I ................... ......................... -— BIB: Vertex Detector
e Include time information into a, and b, L s Sefinevindos
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Time + Position Information

muon hit L0.06
100+ e
Vertex detector: four double layers ‘
-0.04
50+
Muons shot from (0,0,0) overlayed with 0.02
background —
E 0 0.00
— find muon tracks in background e
—-0.02
Focus on detector hit time spread of =0 o
track candidates
Possible combinatorial track — ) . —0.06
with >30 time resolution Within 3o time resolution
. , . . , —0.08
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4D QUBO

Setup:

e 250 events per energy, event: single muon +
10% background

e Matched track: 8 hits, majority of hits
stemming from same particle

e 30 time window for doublet creation
Results:
e > 50% reduction of track candidates

e All found tracks are matched tracks
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Pre selection and + pattern creation
parameters probably too tight, will be

optimised in future studies!

Muon Energy

Reconstruction

[GeV] efficiency

1 41.6 £ 4.4%
10 60.8 £ 3.9%
100 64.8 £ 3.8%
1000 70.4+3.6%
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4D QUBO results - 25 example tracks

Emuon = 1GeV, track reconstruction efficiency for 250 events: 41.6 % Emuon = 1000GeV, track reconstruction efficiency for 250 events: 70.4 %
® tracks ® tracks
® background ® background
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Summary and Outlook

Demonstrated track reconstruction using the QUBO formulation on whole

LUXE events — competitive with CKF

Using time information for the QUBO approach enables 4D track

reconstruction with quantum algorithms — reduces computational costs
Next steps:

e Integrate time information directly into QUBO parameters

e Use 100% of background
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Thank you!
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Bonus: VQE result from a real quantum computer

Calculations on a quantum device are noisy: ' | | ' I

Backends, 7 qubit systems

- Ideal Simulation

Fake Nairobi

- IBM Nairobi

=512

— Error mitigation

Probabilities

— Error correction

10 shots (number of circuit evaluations) N

shots

sufficient for 99% success rate

error mitigation applied
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