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1. Introduction
a. What is quantum computing?
b. Atrilogy of quantum algorithm
i. Fourier Transform
ii. Phase Estimation
iii.  Matrix inversion
2. TrackHHL
a. The LHCb and Track Reconstruction
b. A Global Tracking Algorithm
i. Classical
i. HHL
ii.  1-Bit Quantum Filter
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Nature isn’t classical, dammit, and if you want to make a simulation of nature, you’'d

Q U ant U m CO m p Utl n g better make it quantum mechanical.

Richard Feynman

An often used (and abused) quote... A

e Keynote talk by Feynman
Simulating Physics with Computers
e Can a computer simulate (quantum)

physics in an exact and efficient way? =
o IF we accomplished that on a classical
computer — violation of Bell’s theorem

o What about a quantum computer?

e Challenge of quantum computing

Can we use the same framework as a general purpose computation paradigm?
(and how?)
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Qubit - Quantum unit of information

e Simple 2-level quantum system ‘
) = a|0) + B 1) e +|8*= 1
e Upon measurement on the computational basis
o Found in state |0) (|1)) with probability |«|?( |5]?
e Quantum mechanics is invariant under a global phase rotation

) = cos (3 ) 10+ sin (3 ) 1

e 1-to-1 match between a point on the surface
of the (Bloch) sphere and 1-qubit states

o N

M od

e Sadly, this fails to visually generalize

to multi-qubit systems ,
11>
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Multi-qubit systems

An N qubit state is described by

oN amplitudes |’¢> = Qo |00> + ap1 |01> + a1 |10> + a11 |11>
o simulation volume scales faster than system volume 000
e Notation o
v=|
12) = [1100) = |1) ®[1) © [0) ® [0) =1 g
e Entangled states a1

o Alice and Bob prepare many 2-qubit systems
in a Bell state, then take a qubit each

o Independent local measurements give 1
uniformly random outcomes P=3

o Perfectly correlated when compared

1 0
1
pB:TrAng(O 1)

1 0
_ 1
pA_Ter_E(O 1)

(this doesn’t really prove the quantumness of entanglement — CHSH game)

_ o O M
o o o o
o o o o
_ o O =

1 AB AB
- ([00) + 1))
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Operations on qubits

Computation via quantum gates 0 1 0 —i 1 0
o  Unitary operators (1 0) (z 0 ) ( —1>
o Rever§|ble o 1000
o 1-qubit gates — 2' x 2 unitaries cnoT— |0 100 (]I 0)
o 2-qubit gates — 22 x 22 unitaries 1000 1] \0 X
. 0010
Universal gate set 9 )
i . - 6
o Can approximate any unitary via an R.(0) = e 2% R,(0) =e"2¥ R,(h) =e 27
arbitrarily long chain of gates from the set 1 /1 1
For example... to construct the Bell state V2 (1 —1)

from the all-0 state |00)

Apply H on

Apply a CNOT
first qubit (controlled by q1) AB AB

00) > L5((00) +[10)) £ L({00) + [17)
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Quantum circuit

e Convenient schematic way of representing quantum algorithms

Control Measurement “Classical”
- ontro —_—— bit li
:-|o>|_ Lot Y% — Al Ya |/7<'_ . g

P T 7T (X oo X ! T ——— i

1 | -
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P Qubit line J\

loy - r . ======- DM
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1 -1

: 10) ¢ : t * —Referee{ H -:-/7<
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Initialization  2Q gate Quirk simulator - CHSH Game
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https://algassert.com/quirk#circuit=%7B%22cols%22:[[%22H%22],[%22%E2%97%A6%22,1,1,1,%22X%22],[%22X%5E-%C2%BC%22],[%22%E2%80%A6%22,%22%E2%80%A6%22,%22%E2%80%A6%22,%22%E2%80%A6%22,%22%E2%80%A6%22],[%22~da85%22,%22~5s2n%22,1,%22~5s2n%22,%22~ahov%22],[1,%22H%22,1,%22H%22],[1,%22Measure%22,1,%22Measure%22],[%22X%5E%C2%BD%22,%22%E2%80%A2%22],[1,1,1,%22%E2%80%A2%22,%22X%5E%C2%BD%22],[%22Measure%22,1,1,1,%22Measure%22],[%22%E2%80%A6%22,%22%E2%80%A6%22,%22%E2%80%A6%22,%22%E2%80%A6%22,%22%E2%80%A6%22],[1,%22%E2%80%A2%22,%22X%22,%22%E2%80%A2%22],[%22%E2%80%A2%22,1,%22X%22],[1,1,%22X%22,1,%22%E2%80%A2%22],[1,1,%22Chance%22],[1,1,%22~q6e%22]],%22gates%22:[%7B%22id%22:%22~da85%22,%22name%22:%22Alice%22,%22matrix%22:%22%7B%7B1,0%7D,%7B0,1%7D%7D%22%7D,%7B%22id%22:%22~ahov%22,%22name%22:%22Bob%22,%22matrix%22:%22%7B%7B1,0%7D,%7B0,1%7D%7D%22%7D,%7B%22id%22:%22~5s2n%22,%22name%22:%22Referee%22,%22matrix%22:%22%7B%7B1,0%7D,%7B0,1%7D%7D%22%7D,%7B%22id%22:%22~q6e%22,%22name%22:%22Win?%22,%22matrix%22:%22%7B%7B1,0%7D,%7B0,1%7D%7D%22%7D]%7D

A trilogy of quantum algorithms

fw) = [ ft)e ™ dt Uly) = e™¢[y) Az = b
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Quantum Fourier Transform

e Given a quantum state |z) = z; |7), produce a state |y) = Yk |k)
such that §=0 —0

1 g
Yk = Z xje21rzyk/N

e The QFT algorithm achieves this in O( log® N )

o For comparison, the classical FFT takes O(N log N )

e Great! Should we replace FFT with QFT? No!

o Exact arbitrary state preparation requires at least O(N)
o Quantum state tomography requires at least O(N)
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How does QFT work?

e Like any quantum algorithm, QFT is a unitary transformation
o Fully determined by its action on the computational basis vectors

N-1
, ' 1 g
o Let'ssee how QFT actsona |j) = —— »  e>™*/N |k)
N k=0
e We can rewrite this expression in a waaay more useful form
using the binary fraction notation 0bby.. b= Lyb2y  bo
2l ' 22 2n
Action on qubit 1 Action on qubit 2 Action on qubit n
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QFT in action

e e B e L e l— —————
105 B i I % . 4% . gl Y.h v L £
‘ —X HHSE T z z z ralr T
‘ | T I T T — —,
10) - . ¥ |____l_|4_ HHSs T 7 2/ 27 uh 2wt w.& -
! T T I - T :
| | I
10) — = L oee V- — l_ _ HHSs T Z% Zy“| Zy”l m_ —a
T I - =1
o (HHE ... | My % | y.D PNy
| WS T 2 sz
+1] I — -
10) - L L cee l_ HHS Tk z% 1 ﬁﬁ_ o
| I :
o Ho - - uls : T Rl
| |
10) 5 —ees l_'_ ] ] ~
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|
10) — —ee Y :_____L:l. H __M_ )

. . _ Local wire states
Quirk simulator - QFT (Chance/Bloch)
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https://algassert.com/quirk#circuit=%7B%22cols%22:[[%22Counting8%22],[%22Chance8%22],[%22%E2%80%A6%22,%22%E2%80%A6%22,%22%E2%80%A6%22,%22%E2%80%A6%22,%22%E2%80%A6%22,%22%E2%80%A6%22,%22%E2%80%A6%22,%22%E2%80%A6%22],[%22Swap%22,1,1,1,1,1,1,%22Swap%22],[1,%22Swap%22,1,1,1,1,%22Swap%22],[1,1,%22Swap%22,1,1,%22Swap%22],[1,1,1,%22Swap%22,%22Swap%22],[%22H%22],[%22Z%5E%C2%BD%22,%22%E2%80%A2%22],[1,%22H%22],[%22Z%5E%C2%BC%22,%22Z%5E%C2%BD%22,%22%E2%80%A2%22],[1,1,%22H%22],[%22Z%5E%E2%85%9B%22,%22Z%5E%C2%BC%22,%22Z%5E%C2%BD%22,%22%E2%80%A2%22],[1,1,1,%22H%22],[%22Z%5E%E2%85%9F%E2%82%81%E2%82%86%22,%22Z%5E%E2%85%9B%22,%22Z%5E%C2%BC%22,%22Z%5E%C2%BD%22,%22%E2%80%A2%22],[1,1,1,1,%22H%22],[%22Z%5E%E2%85%9F%E2%82%83%E2%82%82%22,%22Z%5E%E2%85%9F%E2%82%81%E2%82%86%22,%22Z%5E%E2%85%9B%22,%22Z%5E%C2%BC%22,%22Z%5E%C2%BD%22,%22%E2%80%A2%22],[1,1,1,1,1,%22H%22],[%22Z%5E%E2%85%9F%E2%82%86%E2%82%84%22,%22Z%5E%E2%85%9F%E2%82%83%E2%82%82%22,%22Z%5E%E2%85%9F%E2%82%81%E2%82%86%22,%22Z%5E%E2%85%9B%22,%22Z%5E%C2%BC%22,%22Z%5E%C2%BD%22,%22%E2%80%A2%22],[1,1,1,1,1,1,%22H%22],[%22Z%5E%E2%85%9F%E2%82%81%E2%82%82%E2%82%88%22,%22Z%5E%E2%85%9F%E2%82%86%E2%82%84%22,%22Z%5E%E2%85%9F%E2%82%83%E2%82%82%22,%22Z%5E%E2%85%9F%E2%82%81%E2%82%86%22,%22Z%5E%E2%85%9B%22,%22Z%5E%C2%BC%22,%22Z%5E%C2%BD%22,%22%E2%80%A2%22],[1,1,1,1,1,1,1,%22H%22]]%7D

Quantum Phase Estimation

e Given a unitary operator U and one of its eigenvector |u) with eigenvalue e*™?

QPE stores an m-bit approximation of ¢ in a m-qubit register (phase)

o The eigenvector is loaded an n-qubit register (system)
o Phase register in uniform superposition via Hadamard
o Repeated controlled application of powers of U
o Inverse QFT
J— -—-—, r-—"~""""""=>"="=-"=-"="="=-=" -~ = ===
1 : : (. ' 1
o !10) L T — [y3)
o, 1 : : I : : :
o ! : : [ : 1 1
3 110y ——[ H i = QFT — [ye)
< ! ; Ll ' :
o : : : (. : I |
| : Iy
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How does QPE work?

Davide Nicotra -

U and U?" share the same eigenvector U2k u) = e2mi2'¢ )
What happens when the application of U2 is controlled by a qubit in a

uniform superposition state? -
o “nothing” on the 0 subspace 10) +|1) — |0) + e?mi2"¢ 1)
o we accumulate a phase on the 1 subspace

After m repetitions, and using the binary fraction notation...

(|O> 4 e2m‘0.¢m |1>) (|O> 4 e27ri0.¢m_1¢m |1>) o (|O> 4 e27ri0.¢1¢2...¢m |1>)

om/2 -
After an iQFT gi"” [} 55 — )
om_1 sam_1 A e i A QPT — Iu2)
1 . by ] = | | ' :: i
== O (Z 62””“@--”‘2-D> ) o 1w
j=0 \k=0 /- i

________________
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Harrow-Hassadim-Lloyd (HHL) algorithm

e HHL takes advantage of QPE to solve a system of linear equations Az = b
o The vector b is normalized and embedded in the amplitudes of an n-qubit register
o QPE is applied to the unitary U = e
o An Ry rotation applied to an ancilla qubit inverts matrix in its own eigenbasis
This transformation  — 1/z is not unitary. Correctly executed if ancilla is left in state 1
o QPE is uncomputed to disentangle phase and system registers

A
) = AT ]
O(k%log N) \
K = |/\max|
[ Amin| ’

Postprocessing A
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Requirements for HHL

2
1. The preparation of |b) can be done efficiently O(k"log N)

a. “Efficient” arbitrary state preparation is impossible — b cannot be an arbitrary vector
b. Potential penalty: O(N)

2. The unitaries e, e?#, e**... can be prepared efficiently |mm = —
a. This is in general very hard — Many gates are required ;;%‘%EEE’%E?Q@?@# R R
b. Possible for sparse matrices %?é?;%%;%%;%ééi %’f;. _*IJ%"I e
c. Potential penalty: O(N?) AR A AR BB AR M-
NI AR Bl 1 i;ié%”ﬁ 1
Calaza(1 1441 (2101 [ (ee || * 1|
1 1(3[22 2 @ 1 I
2_ja iz [2}% [ T T
12 (w2 (2 (|| 1| @ (| []] L
T - A
3. The output state does not need to be fully read-out

a. Solution x is encoded in the amplitudes — not directly observables
b. Quantum State Tomography
c. Potential penalty: O(N)
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Can we use it for tracking?
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https://docs.google.com/file/d/1SHwL9gmpcx-vRq3-q8A7ysYOdnGqXbdj/preview
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Constructing a Global Solution

H(S) =D f(0)SapSee+ Y Sz+B> (1—254)°
abc ab ab

Angular Term Gap Term Spectral Term

‘ j
I

Angular term
°© ;
o)

=
~
/
Q
o
(%]
>
@
>
1
=
[22]

o
o
l
/
/
|

She / gl 2t DY .
i . N ~ 1
[t \ e :

Sab

bJ’/"\/ eabc & ' \'\ N

Davide Nicotra - Xenofon Chiotopoulos Theory Day - March 27, 2026 - Maastricht



Formulating a QUBO

H(S) =) f(0)SawsSsc+a P Sh+BY (1—284)°
ab ab

abc

H(S) =D Ai;jSiS;+ Y b:Si S;€{0,1}
3,7 i




H(S)=> Ai;SiS;+» bS; Si€{0,1}
1,7 )

3
Lets Relax the Problem: Discretization:

SiE{O,l}isngR SZ-ER:>SZ-E{O,1}

2 .
\ Now we can minimize: /
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The Simplest Case

Probabilities

S; On

s; Off
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It Works! Classically

2 100

I T T T T 1 I ] o\o 100k U 1 1 1 1 T T I U 1 T 1 T T T 1 ] ]
= Hit-purity ] - = Track-finding efficiency 1]

iiusssrs 1 SN

= L | L L L | | L1 | .

o\o 100_ ! V ' ! S O | ! ' ! ' ! Lol ] B ]
L + e Hit-efficiency | 96 g .
98- ++ 1+ [ 1 e |4 -
i 1 | i {
i I : 94| v

96 = ’ Integrated fake rate: 4.3%
1ol I 1 J 1 1 il L 5 l i 1 il l il il il L il 1 1 L 1 i
104 10° 93 104 10°
Momentum p (MeV) Momentum p (MeV)

https://arxiv.org/pdf/2308.00619
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HHL biggest event

5 Tracks
3 Layers
Millions of 2 qubit gates

—
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Moving the threshold

HHL probabilities 1-Bit HHL probabilities

0.06 -
0.010
0.05 -
0.008
2 ‘ ‘ ‘ ‘ 0.04
2 0.006 I |
‘U -
Q 0.03
o
|
- 0.004 ‘ e
0.002 | { 0.01
i 4 ‘ 0.00 ; T . : f
0.000
0 20 40 60 80 100 120 0 20 40 60 80 100 120

Solution space Solution space
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The 1-Bit Quantum Filter

(a) 1-Bit Quantum Filter Circuit

Step 1 Step 2 Step 3 Step 4 Step 5
| ! | | |
0 —— —— i
| ! | | |
0y —— H P(9) 4 OFT" HX —L X [H QFT |[H P(-9) H — [0)r
| ! | | |
)5, —{ } I : : l jlaa
—— | 1 —
1 : . . | [ T
0)s,, ~H H H Upss : : Upss HAA
| |

State Q P E Inversion Q P E T Measure

Preparation

U(b)[0) Uei4t Ue ™4 A
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The Quantum Filter

QPE BIN

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

Amplitude

o
[

0.0 -

0.4
0.2
0.0 1

Component from Eigenvalue A = 2.00 P(O | AJ) — COS2 ( )\kt )

Component from Eigenvalue A = 3.00

2 I I P(0|;) = cos? (;;’T) _ cos?

Amplitude

Amplitude
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Resource Complexity

Sampling Comparison Qubit Requirement Comparison
10°{ — HHL — HHL
— 1Bit ~—— 1-Bit HHL
60 1
103 4
50
107 4
1064 40
w
3 £
i S
2 I}
“
n 10° O/
9 @
g_ a 301
5 :
0 z
10°4
20
103 4
10
102 4
10! 0
0 250 500 750 1000 1250 1500 17‘50 2000 10° 10! 10? 10° 104 10° 10° 107 10° 10°
Number of Particles N (Size of the Problem)

Davide Nicotra - Xenofon Chiotopoulos Theory Day - March 27, 2026 - Maastricht



33

Theory Day - March 27, 2026 - Maastricht

Davide Nicotra - Xenofon Chiotopoulos






Hardware Intermezzo: Superconducting (IBM)

https://www.ibm.com/quantum
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Hardware Intermezzo: Trapped lons (Quantinuum)

https://DOl:https://doi.org/10.1103/PhysRevX.13.041052
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Asymptotic Complexity Fits: Gate Complexity

IBM Torino Hardware Compilation
G=a NP-log(N)+d

Derived Value = O(V'N log N

TKET Full Peephole Optimization
G=a-NP-log(N)+d

@ 3 lLayers (Data) @ 3 lLayers (Data)
10°4 A 5 Layers (Data) 10°1 A 5 Layers (Data)
== 3L: R?=0.999854, b=0.5277+0.0082 = = 3L:R2=0.999992, b=0.5236+0.0019
==+ 5L: R?=0.999756, b=0.5766+0.0134 —+ 5L: R2=0.999991, b=0.5183+0.0024
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10? 102 4
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10! 102 10° 104 10° 10t 102 103 10% 10°

Matrix Size (N)
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https://arxiv.org/abs/2601.07766
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Asymptotic Complexity Fits: Gate Complexity

Success Probability Scaling

10°
=== 3L: R?=0.999978, b=-0.4998+0.0001

we 51: R2=1.000000, b=-0.4999+0.0001
@ 3lLayers
B A 5 Layers

M-cey
Pyyee = Crilter Z |Bj|2 ~ %
Jj€Signal

=
o
|

-

16p

1072

Success Probability Pq .

1073
Psucc = a x NP
F
- 1
Expected: b =—-0.5, a =5CriiterVL — 1

104
3 ]
< 2 AN A
E 0‘:"."" E'La;;éfsﬂ — A O—HA—LOA— O—A——O—A— O— A O—— A e ==
W _p5] A 5layers
g --- *5%
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Matrix Size (N)
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Hardware Noise Emulation Runs

Distribution similarity Track vs noise
to noiseless baseline distinguishability
1.0
0.8 1 » 10.0 1
[}
©
= £
2 c
S 061 S
= o
() (3]
(@] Q.
= :
D 0.4 =
T c
2
7]
0.2
1.0
0.0 T T T T T T T T T T
2T 2T 47 4T 8T 2T 2T 47 47 8T
3L 5L 3L 5L 3L 3L 5L 3L 5L 3L
Problem configuration Problem configuration

Noise models
—&— H2-Emulator —&— Qiskit-Fez —@&— Qiskit-Pittsburgh —&— Qiskit-Torino




Can we use it for tracking?

Maybe
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Backup




Matrix Decomposition

Full Hamiltonian Diagonal Component i Off-Diagonal Component
30
25
20
15
10
05
0.0
-0.5
-1.0
Probabilities
—iAt —iclt —iBt
e 5 e e
S Se

Time Evolution 4 P ( ¢)

e.g Suzuki Trotter 5 s,
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Matrix Decomposition

Direct Structural Synthesis \

Diagonal Component
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Direct Structural Synthesis (DSS) Decomposition

Off-Diagonal Component
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Generalized Two-Level Unitary Structure (G;)
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