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Quantum Particle Tracking
with TrackHHL



+Current approach: massive paraliel GPufbased c_:ombina"torics
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R&D: LHCDb Velo detector

R&D: Quantum algorithm for pattern recognition in LHCb Vertex Detector:
Algorithmic use case for a small scale quantum computer

Applications long term depending also on hardware developments
R&D towards longer term with potential spin-offs

Investigated various approaches: HHL, QAOA, VQE, VQLS, annealing
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Method: “Global” algorithm for trackfinding

1) Build an Ising-like (quadratic) Hamiltonian

Define a Hamiltonian based on doublets of hits S;

being "on track” §; = 1 or “off track” S; = 0

}[(S) = Zabcf(e)sabsbc + VZab Sc%b + 5Zab(1 - 25'ab)z

- Angular term: s

assigns value for scattering

- Spectral term: (y = 2.0)
makes the spectrum of 4;; positive

-Gap term: (6 =1.0)
ensures gap in the solution spectrum
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Method: “Global” algorithm for trackfinding

1) Build an Ising-like (quadratic) Hamiltonian
Define a Hamiltonian based on doublets of hits S;
being "on track” §; = 1 or “off track” S; = 0

}[(S) = Zabc f(H)SabSbc + VZab Sc%b + SZab(l - 2Sab)2

2) Find ground state of:

7'[(5) — z AijSiSj + z biSi Si € {0,1} Try by solving classically
ij i

good performance! | Tracking performance on LHCb simulated events Link

e _— i S ———

. ° r _+_ = Hit-purity ° [ = Track-finding efficiency |

3) Apply a trick: o flins T NS S I | g

98- -, 98}~

+
* Relaxation: S; €{0,1} = S; €R . | S—" 97+ ++++ +—+— |

— T
o Hitefficiency | 96|~

* Minimization: V¢H =0 = AS=0D : ++ | 4 | 7 :
* Solve the large matrix inversion to find S gsf‘l' H | 1% i

96:— — 94 g Integrated fake rate: 4.3% 7

* Discretization: S; € R = S; € {0,1} f ST R S
Momentum p (MeV) Momentum p (MeV)
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https://arxiv.org/abs/2308.00619

Simplest (trivial) case how it works classically

Two tracks in three layers VsH=0= S=A""b
Probabilities N
Se ’ 0.12 - 5, On
0.10 A
= threshold
54 Se 0.08 -
S SS 0.06 A
S; Off
SZ S7 0.04 A
S 0.02 A
%1 Sa 0.00- ,,
. . 0 2 4 6
 Algorithm finds that: Vector space

51,84, S:,Sg are good segments and S,, S3, S, S; are wrong cobinations
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Matrix Properties

1 — Sparsity

1074

1073 ¢

105 E

1076 ¢

—— Regularised (y=2,6=1)
—=— Not Regularised (y=0, §=0)

L s L TR R |
10 100
Number of particles

5.0

4.5

4.0

35

3.0

25

2.0

1.5

1.0

A is very well behaved: very Sparse

H Mmax|
Low condition-number: k(4) = ~ 5
| Aminl
B 50F
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L 25K
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HHL Promises 0 (log(N)x?) runtime vs 0(Nvk)
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The Quantum Algorithm: Harrow-Hassadim-Lloyd

Solving the matrix equation to find solution &
AS=b = S=A'b Solve using HHL:
1.  State preparation
2. - Quantum Phase estimation
- Inversion
- Quantum Phase Estimation®
3.Measurement

Quantum state: |®);|P), [P),

* |®); ancilla qubit for controlled phase rotation
* n, = log, N qubits to store vector b

* Prepare b = (1,1,1,1,1,1) with Hadamards

* QPE: apply U = e** with n bit precision

* nq ancilla qubits for phase estimation

e Readout S

Quantum Tracking
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constant input vector U(b) |O> ‘/
2. Phase Estimation 1At ,3,”%
extremely sparse matrix e
3. Read-Out
track parameters (S|M|S) 2;;%
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Consider the case: Salutons ‘off soltons ‘o

HHL probabilities

0.010

0.008

Probability
s
S

°
o
<)
H

0.002

0 20 40 60 80 100 120
Solution space

Quantum Tracking Nik[hef




Sampling Problem

Sampling

10° 5
i — HHL
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Qubit Requirement

Qubit Requirement

50 A
40 A

30 A

Number of Qubits

10 A

10° 10! 102 10° 10* 10° 10° 107 108 10°
N (Size of the Problem)

Nik]hef

Quantum Tracking




1-Bit HHL
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Post.
Processing
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CO”Slder the Case Solutions “off” Solutions “on”

Sl-=0 Sizl

1-Bit HHL probabilities
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Amplitude

Amplitude

—0.44

Amplitude

—0.4 4

Amplitude

—0.44
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ow does this work?

Decomposition of the Solution Vector by Eigenvalue
Total Exact Solution (x = A-b)

Component from Eigenvalue A = 2.00

Component from Eigenvalue A = 3.00

Component from Eigenvalue A = 4.00

0 1 2 3 a 5 6
Index of Solution Vector Element

Results from this week
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A Quantum Clock QPE BIN

Aiz Ai3 ﬁ;)\
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Sampling Problem

Sampling Comparison

10° 5
A HHL
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Qubit Requirement

Qubit Requirement Comparison

- 1-Bit HHL
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30 A

Number of Qubits
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Hardware Choices

Trapped lons (Quantinuum) Superconducting (IBM) Neutral Atoms (TU Eindhoven)
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Circuit Depth (Hardware Agnostic

Gate Count

10°

102

~@- Total Gates (HHL)
~#- 2Q Gates (HHL)

~®~ Total Gates (1-Bit HHL)
2Q Gates (1-Bit HHL)

Total Gates and Two-Qubit Gates vs Matrix Size

HHL Algorithm Gate Count Scaling Analysis

Circuit Depth vs Matrix Size

-8~ Circuit Depth (HHL)
~@~ Circuit Depth (1-Bit HHL)
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Testing Quantinuum
Hardware Emulators

Probability Distributions for Different Emulators and Circuit Types
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Probability Distributions by Emulator and Circuit Type

Circuit Type
e ORIGINAL  mmm DIRECT  wom 1BIT

Comparison of Circuit Types on H1-Emulator

Quantum State
[ ison of Circuit Types on H1-1LE

ORIGINAL: 2751 36 counts
DIRECT: 1445 = 14
16T 502 =

Quantum State

Comparison of Circuit Types on H2-Emulator

ORIGINAL: 3367 = 46 counts
DIRECT: 1258 38 counts
1BIT: 614 + 26 coupts

ORIGINAL: 3305 42 counts

DIRECT: 1800 29 counts
1BIT: 1015 = 28 counts
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Vertex finding precision

Histogram of Z-values from Monte-Carlo Truth Histogram of Z-values from Segments
17.5
Exact Tracks *1Found Segments
15.0
50
12.5
> > 401
fé 10.0 5
£ £
7.5
5o 20
25 101
L dlll L, , il 1 1.1 s
-150 -100 -50 0 50 100 150 -150 -100 -50 0 50 100 150
Z-value(mm) ‘ ‘ Z-value(mm) ‘
Vertex-1 Vertex-2 Vertex-1 Vertex-2

Quantum Tracking Nik[hef




Vertex precision with fraction of segments

Distribution of precision of the Mean Average Distance (MAD) of recontructed vertex
extrapolated vertex point versus the fraction of segments obtained in readout
Distribution of PVsegment = PVrrack MAD vs. Percentage of Distribution Discarded

0.7 7
= MAD: 0.352, mean:-0.035 & 5HAD:
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Requiring only fraction (~50%) of all states - strong reduction of number of readouts
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https://www.epj-conferences.org/articles/epjconf/abs/2025/22/epjconf_chep2025_01181/epjconf_chep2025_01181.html

Readout issue: 1-bit QPE

Sampling Comparison
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Remaining Tasks

1 Test Toy with
n(l—1) Realistic detector
inefficiency

Writing

n = Tracks, | = detecor layers

More efficient
Quantum Method

inversion algorithms
QSVT for PVs
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Circuit Transpiled for different hardware

HHL Algorithm Comparison: HHL vs 1BIT HHL (Qiskit vs Quantinuum Optimization)

Total Gates and Two-Qubit Gates vs Matrix Size Circuit Depth vs Matrix Size
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Circuit Depth 1-Bit | -

Total Gates and Two-Qubit Gates vs Matrix Size (1-Bit HHL)

Circuit Depth vs Matrix Size (1-Bit HHL)
=@~ Total Gates = Circuit Depth
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