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The 1-Bit Quantum Filter for
particle track reconstruction
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Method: “Global” algorithm for track finding

H(S) = Zf(e)sabsbc + “Z Sap + B Z(l — 2Sgp)° amm) H(S) = zAijSiSj + ZbiSi S; €{0,1}
ab ij i

abc ab

} | }

Angular Term Gap Term Spectral Term
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Method: “Global” algorithm for track finding
‘7_[(5) = Zf(g)sabsbc + az Séb + B Z(l — ZSab)Z ﬁ }[(S) = zAUSlS] + Zbisi S; € {0,1}
ab ab ij i
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Method: “Global” algorithm for track finding
H(S) = Zf(e)sabsbc + az Sap + B 2(1 S 250) — 3(S) = zAijsisj + ZbiSi S € {0,1)
ab ij i

abc

Tracking performance on LHCb simulated events
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https://arxiv.org/pdf/2308.00619 [1]
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https://arxiv.org/pdf/2308.00619

The Quantum Algorithm: Harrow-Hassadim-Lloyd
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Resource Complexity

Sampling Comparison Qubit Requirement Comparison
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The 1-Bit Quantum Filter
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QPE BINS Time Evolution
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Decomposition of the Solution Vector by Eigenvalue
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Matrix Decomposition

Full Hamiltonian Diagonal Component i Off-Diagonal Component
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Off-Diagonal Component

Direct Structural Synthesis

Diagonal Component

Direct Structural Synthesis (DSS) Decomposition
IT) IT)
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Input Solution
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Testing Realistic Events
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Trapped lons (Quantinuum) Superconducting (IBM)
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https://arxiv.org/abs/2601.07766 [5]

Testing Theoretical Complexity Fit

Asymptotic analysis value = O(v/N Log(N))

(a) IBM Hardware Compilation (b) Quantinuum Hardware Compilation
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Testing Solution Fidelity
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Quantum Tracking: Emulator Results

Signal Separation Index (SSI)

SSI Performance Benchmark
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1. Upgrade The 1-Bit Quantum Filter

2. Extract Dense Physics Observables
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1. Upgrade The 1-Bit Quantum Filter

2. Extract Dense Physics Observables

Quantum Tracking: Next Steps Nik[hef



—_

Upgrading the 1-Bit Quantum Filter ®
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Qubit Fanout

Off-Diagonal Component

Direct Structural Synthesis (DSS) Decomposition
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Parallelizing Phase Estimation via Qubit Fan-Out
(Quantum SIMD)

No Cloning Theorem: Prevents creating Fan-Out: Use extrac ancilla quibts to create a
independent copies of an unknown clock state fully entangled control state

GHz: «|00...0) + B11...1)

Copies of:
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Exploiting Subspace Commutativity

Off-Diagonal Component

1-Bit Quantum Filter Circuit

do o

a1

p)

o —H

Decomposed Depth:
14 gates
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Exploiting Subspace Commutativity

Off-Diagonal Component

1-Bit Quantum Filter Circuit Fan-Out Circuit

G —4—¢ o [ 1]

q. —& *—
qi
g3 L 2 - -

g2 qa - -
s ©-
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Decomposed Depth: Decomposed Depth:
14 gates 10 gates
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Issues with Non-Commutativity

1-Bit Quantum Filter Circuit

Algorithm 1: Greedy Commuting Layer Assignment

Input: Sparse set of unique interaction pairs E = {(i,j)}
Output: Dictionary of commuting layers L

1. Initialize L as an empty dictionary.
qo ’ . . 2. Initialize used_colors as an empty hash map (with lazy O(1) set allocation).

3. For each interaction pair (i,j) € E:

(a) Lazily fetch or initialize active colors for states i and j
(b) C; + used_colorsli]

ql . ‘ (c) Cj « used_colorslj]

(d) Determine unavailable layers

(e) forbidden_colors « C;UC}

(f) Greedily find the lowest available layer

(g) color «+ 0

qz . (h) While color € forbidden_colors:

e color ¢ color +1

(i) Assign interaction and update state trackers
(j) Append (4, j) to L[color]

(k) used_colors(i].add(color)

(1) used_colors[j].add(color)

gs

4. Return L

Average Grouping
Complexity 0 (k)
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Issues with Non-Commutativity

1-Bit Quantum Filter Circuit Fan-Out Circuit
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Tracking
with Fan-Out

Depth

Quantum Tracking:

Circuit Metrics Comparison: Sequential vs. FanOUT

Circuit Depth Comparison
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(c) Success Probability Scaling
Poucc =a X NP
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U ncom putation Fan-Out Circuit

via Mid-Circuit Measurments 1 T L
q1 ¢
92 —& é —
Fan-Out Circuit with Mid-Circuit Measurements as - o
ga - -
do If .
T QS—Q Q_
:1} ' d -_“ ] . g e e
a3 ® It ._ & © é ©
qa - If .
“-0 oo
" —0 o)
q7 e é E

Quantum Tracking: Fan-Out Nik[hef




Uncomputation
via Mid-Circuit Measurments

[¥) = 2|00) + B11) (1)
To disentangle the copy qubit without a reverse CNOT, we apply a Hadamard gate to it. The Hadamard
transforms:
1 -1
O+ gy 0=

0) —

V2 V2 @

If we apply this to the copy qubit in our entangled state, the math regroups like this:
) = |0>copy ® (a]0) + B 1)) master + |1>copy ® (a]0) — B1))master (3)
Now, look at the two possible measurement outcomes for the copy qubit:

1. If you measure 0: The master qubit collapses to exactly a|0) + 8|1). It is perfectly uncomputed and
holds the correct phase.

2. If you measure 1: The master qubit collapses to a |0) — 8]1). The state is uncomputed, but a minus
sign (a Z-error) has been introduced to the |1) state.

Therefore, you just use an if statement. If the hardware reads a 1, you use Z gate at the master qubit to
flip that minus sign back to a plus.

Quantum Tracking: Fan-Out
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Circuit Metrics Comparison: Sequential vs. FanOUT

Uncomputation

Circuit Depth Comparison 2-Qubit Gates (cx) Count
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The Spectral Filter

Decomposition of the Solution Vector by Eigenvalue | |
Total Exact Solution (x = A-1b)
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. YN
(OM ) = cos®

0.0 -

Amplitude

Component from Eigenvalue A = 2.00
0.4 1
024
0.0
2
Component from Eigenvalue A = 3.00

I I PoJA) = cos® (357 ) = cos? (5) =

Amplitude

Amplitude

P(1|A;) = sin? (’\cw) — sin? (f) —1
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F(P,Q) = (z v P(z;) - Q(%))

1. P(z;): The ideal probability of state z; (from simulation).
2. Q(z;): The experimental probability of state z; (from hardware).

3. Interpretation: 1.0 is a perfect match; 0.0 means no overlap.

Signal Seperation Index
Hellinger Fidelity

QST — Hsignal _ NLS ESES P(S)
Hnoise NLB EbEB P(b)
1. S: The set of n correct ”Signal” states (valid tracks).

2. B: The set of n incorrect ”Background” states (the n noise states with
the largest amplitudes).

3. Interpretation: Values > 1 mean the signal stands out above the noise
floor.
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Vertex finding precision

Histogram of Z-values from Monte-Carlo Truth Histogram of Z-values from Segments
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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 07 - MAD vs. Percentage of Distribution Discarded
* =3 MAD: 0.352, mean:-0.035 ~$- MADs
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Requiring only fraction (~50%) of all states - strong reduction of number of readouts

https://arxiv.org/abs/2511.11458
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Readout issue: 1-bit QPE

Sampling Comparison
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Probability Distributions by Emulator and Circuit Type Probability Distributions by Emulator and Circuit Type
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Probability Distributions by Emulator and Circuit Type

Probability Distributions by Emulator and Circuit Type
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