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The Power of the Qubit!

+  Qubit: quantum analogue of classical bit, not restricted only to being in either the |0) or | 1)
State

[0)

0
0 . 0 COS —
ly) =cos—|0) + e?sin—| 1) = 2.
2 2 sin Zei#
[ 1) :
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+  Qubit: quantum analogue of classical bit, not restricted only to being in either the |0) or | 1)

State
E cos(g) —e"’lsin(g) ‘O>
§ 0 L ey (O
¢ SIH(E) e COS<3>

0
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The Power of the Qubit!

+  Qubit: quantum analogue of classical bit, not restricted only to being in either the |0) or | 1)

State
E cos(g) —e"’lsin(g) ‘O>
§ 0 L ey (O
e SIH(E) e COS(E)

» Extending this to a system of N

0
: : : COS —
qubrts forms a 2¥-dimensional eicbsinﬁ [ = -
2\ ) e

Ibert Space )
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0) 1)

1 T — )

Simon Williams - s.williams | 9@imperial.ac.uk 4 Lake Louise Winter Institute - 25/02/22



The Power of the Qubrt! - The Quantum Walk Framework

Quantum Walk Is the quantum analogue of the classical random walk

0) 1)
.
T — 2 :1::—1 o —0 le )
H=-QHp
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Quantum Walk Is the quantum analogue of the classical random walk
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The Power of the Qubrt! - The Quantum Walk Framework

Quantum Walk is the guantum analogue of the classical random walk
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The Power of the Qubrt! - The Quantum Walk Framework

Quantum Walk Is the quantum analogue of the classical random walk
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The Power of the Qubrt! - The Quantum Walk Framework

Quantum Walk Is the quantum analogue of the classical random walk
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The Power of the Qubit! - Why are we interested in HEP?

s CMS Experiment at the LHC, CERN - LTI : UE
Data recorded: 2012-Jul-04 16:35:08.796922 GMT O(1000) ' -
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The Parton Shower - Theoretical Outline

*  We present a discrete, collinear toy QCD model comprising one gluon and one quark flavour

» Jo meet current QC qgubit restrictions, only collinear splittings have been considered, meaning we

do not keep track of individual kinematics

? - Pi = ZP9
Collinear Condition: L C J
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The Parton Shower - Theoretical Outline

*  We present a discrete, collinear toy QCD model comprising one gluon and one quark flavour

» Jo meet current QC qgubit restrictions, only collinear splittings have been considered, meaning we

do not keep track of individual kinematics

B . pi = zbs
Collinear Condition: 2 C g
1+ (1-2)7° 1= -
Pq—>qg(Z) — CF i (Z Z) : Pg—)gg(z) — CA _2 7 : | Z(l - Z)_ ’ Pg—)g@(z) — nfzﬂR(Z2 T (1 - Z)z) -
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The Parton Shower - Theoretical Outline

q g q
q > / QWA{ gw<
%g g g
1+ (1 —z)* 1=z ' _ g o
Pyge(2) = Cp - » Poge(2) = Cy _2 - +2(1 - Z)_ ) Pogg(2) = nelp(z” + (1 = 2)7) .
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The Parton Shower - Theoretical Outline

q 9 q
¢ —> %/Q/% g WA{ g wm/<
g g q
14+ (1 = 2)? 1 —z -
Py ge(2) = Cp - ’ Poge(2) = Cy _2 7 +2 = Z)_ ’ Py_gq@ = nfTp@* + (1 = 2)%).

- llldal o lactors have been Used to determine whether an emission oceUrs:

9)
Ai,k(zl’ ZZ) — eXp[ _ aSJ Pk(Z/)dZ,] ? A'tO't(Zla ZZ) — Agg(zla ZZ)AZQ(ZD ZZ)A’;C_](ZD ZZ) :

4|
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The Parton Shower - Theoretical Outline

q g q
q > <% gwawi’:i gwm/<
g g q
14+ (1 = 2)? -z - ,
Py ge(2) = Cp - ’ Poge(2) = Cy _2 z ol - Z)_ ’ Py_gq@ = nfTp@* + (1 = 2)%).

- llldal o lactors have been Used to determine whether an emission oceUrs:

9)
Ai,k(zl’ ZZ) — eXp[ _ aSJ Pk(Z/)dZ,] ? A'tO't(Zla ZZ) — Agg(zla ZZ)AZQ(ZD ZZ)A’;?(ZD ZZ) :

4|

Combine Sudakov and splitting functions to get splitting Prob —(1=A)XP, (2)
k—ij — =k k—ij

probability for k — ij in a single shower step:
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Quantum Walk approach to the parton

» A p:increase dimension of position space to 2D
to allow for the simulation of a gluons and quarks
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Quantum Walk approach to the parton shower

» A p:increase dimension of position space to 2D
to allow for the simulation of a gluons and quarks

3 0.00 0.00 0.00 0.00 0.25
» K increase dimension of coin space to . 0.20
) | - - 52-  0.02 0.00 0.00 0.00
accommodate for the collinear splitting probabllities o
= 0.15
g
E - 0.07 0.00
Z -0.10
-0.05
0- 0.01 0.12 0.10
. . | - 0.00
0 1 2 3

Number of gluons
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Quantum Walk approach to the parton

» A p:increase dimension of position space to 2D
to allow for the simulation of a gluons and quarks

» K increase dimension of coin space to

accommodate for the collinear splitting probabllities

» (:coin operation is now splitting probabillity:
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Quantum Walk approach to the parton shower

» A p:increase dimension of position space to 2D
to allow for the simulation of a gluons and quarks

3 0.00 0.00 0.00 0.00 0.25
» K increase dimension of coin space to . 0.20
| - - 52-  0.02 0.00 0.00 0.00
accommodate for the collinear splitting probabllities o
= -0.15
g
- - - o T £ 1- 0.07 0.00
» (' : coin operation is now splitting probability: Eh 0.10
_ _ 1 0.05
Pij — (1 Ak) X Pk—>zj 0- 0.01 0.12 0.10
- - 0 1 ? 3 i
» 5 :shift operation updates shower content Semm

accordingly
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Quantum Walk approach to the parton shower

. : : " Position check Coin q
» J p:increase dimension of position space to 2D ——— - -6 5098 474
to allow for the simulation of a gluons and quarks ) || P
» K increase dimension of coin space to ) D,

accommodate for the collinear splitting probabllities

» (' :coin operation is now splitting probabillity:

» 5 :shift operation updates shower content

accordingly
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Quantum Walk approach to the parton shower

Previous
algorithm
Qubits 3
Steps 2
Scaling, n, 3N<12 i

*Scaling of a single register, not full circurt!

fievels - Bhys. Rev. D 103,0/76020 (2021)
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Quantum Walk approach to the parton shower

Previous
algorithm
Qubits 3
Steps 2
Scaling, n, 3N(1\;+ 1)

*Scaling of a single register, not full circurt!

Hievels - Bhys. Rev. D 103, 076020 (2021)
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Summary and Looking to the Future

* Present a dedicated quantum algorithm for the simulation of parton showers in high energy
collisions:

» All shower histories calculated in full superposition constructing a final wavefunction
containing all possible histories. Measurement projects out a physical quantity.

» Reframing in the Quantum Walk framework vastly improves the efficiency of the quantum

parton shower algorithm and offers a potential quadratic speed up compared to MCMC
sampling

 Looking to the future: the introduction of kinematics to the algorithm will be a large step
forward in the realism of the algorithm, with the potential of comparison to real data
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Quantum Walk approach to the parton shower - A Simple Shower

Consider a simple shower with a single ¢

particle type ¢ b — P P¢—>¢¢ y

Z . :Here we alter the coin operation to

reflect the splitting probability P,,_, 4, el L Tomro XN

I

e D 7
A, The walker position space now reflects p) I
/A I

the number of ¢ particles present in the ‘ ! I = | a
shower '
c) Py ———10) 5
I
I
The shift operation only increases the position  |q) D o :
I

of the walker; as only ¢ — ¢ ¢ splittings
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Quantum Walk approach to the parton shower - Results
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Markov Chain parton shower implementation

|
- - pi ’ ? =
: |
Previous algorithm: Update |
2 ! ? a i
|
|
|
|
n — Count | 0} ) Reset
I | . fox
|
€ Emission * i |0) ) next step
|
|
ho History o :
|
|
|
Builds on Phys. Rev. Lett. | 26,06 20018 (C05HE
Do . . T Po
ng{ pe{ P ——x x Po ' '
Pk { P1 —X—% —x e o ~ P2 X ¢ pi{ p1 i i
[ P > ® ® e " X X emission € 2 i i
2 ng ¢ I [ "V wo $ $ ZO . : : -
work *r - © I I ® (w Va I [ N work { W1 é é i i i T
| am () () 0 N D " GL . (L Pji{ P | H !
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ng emission € U " 0, hy i i
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Measurement

Measurement of an arbitrary qubit system, |y) = a|0) + | 1), is represented by the projection
onto the |0) and | 1) state, defining the projection operators Py = |0)(0| and P; = | 1)(1].

The probability of measuring the |0) state;
Prob(|0)) = Tr(Pyly)(w|) = (w|Pylw) = |al’

Qubits are measured in this Projection-Valued Measurement regime and so the final state of the

qubit is altered by the measurement. If the qubit is measured in the |0) state, then the final qubit

state Is:
Py | )

( vV (Wl Py lw)

1%, =10)
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L ooking to the Future of Quantum Computers

Scaling IBM Quantum technology

quantum revolution’ - IBM on

We are on the brink of a

Next family of IBM Quantum systems

(In development)

IBM Q System One (Released)

ts by

1000 qub

track to exceed

2023

and beyond

Path to 1 million qubits

127 qubits 433 qubits 1,121 qubits

65 qubits

and beyond

Large scale systems

Quantum Walks have long

AN AIERANEE IS AR T AT AR A H SATA R ARNMAR Y

EASHEAS M TR AT AEA A TSR AR A A WA AN

AT AR A AT ARE AV RHAR AL

AL VIIAAT IR ARARA UL AAR AR AR IR VA

A S A Y

SRSV EAAAAR AR ARVAAR AR ARV AR VAN

SRR RRALATEAARA TR ASAARTIAA RV RV A

FASSSSHSEHAL LA R AARA AT TR A IR AY

ANSSEHHLASLIAA LAV RAARRAVARHEARVTA R AR N

AEAAAEIATALA AL EAARAR AR S BARAR AR AR A VAN

AATEHATIEATA AT A LA AR IASARAMANAR AL ARAAA VVARTAAAS

AL SRR EHIA AR AR AAREATARAA AR R AR VAT AR

ASEAETEI AT LA AASAEFA A RS AAASARARARMAAA BAMAAL

A AL ATMAN I

VAAAAAAAASAB AL FEAAAALAARAANAVA A AR LA ARV

ASEAREALAEAATE A TEAHAARRAAAAAARARSARSERAMARE AR AL AARANY

AN ’54555’5;'5;5555’5555’,5”‘5,,»'5,5’55,5 WS

FAAEEAAIAAEE ARSI AL RS AR SYEAMIATMANIY

RIS AR AAARARAARALALACLANURAARAA CARARARRSANNSS
ALALAALATAAATAAAMANAARARAASAAAARLLAARATALY
ARSI AR SV ARV
A

ANAAARMERS SRR AR AN
ARSI TS IAIA BRIV BALAA AV A A
FAARAIAASHEEAAAM AL ARSI
LI SLAAATMA M ARV RS A
AATEEAAFARARAAIIRAAR ARV AN

$$'5.3545545355 AN

ARSIV
ARSI MMV
DVVIAEAA A Y

S
S S SS

o

.‘

o
o
A
e

2
TS e

22

SR
S e

33

s
ST
=

=2
S22

=
22
B R BB E P L
PP

ZZ:

G e A e e
—

2

o

<

S

A

R
S

Sl
l&’

2

72
2

- "

INS

f Markov Cha

MIXiNg time o

been conjectured to give a
quadratic speed up In the

advancen

/
y

Ke\

advanc

Key

Build new infrastructure,

Integration

Miniaturization of components

2
o
—
—
=
(@]
(8]
o
c
©
on
£
Lt}
]
. 4
O
©
o
©
>
o
=z

Scalable readout

Ice

d latt

imize

Opt

quantum error correction

| quantum

d up has been
MCMC algorithms

IC spee

e
~

DIrOVEN 10 SEvErd

Quadra:

| ake Louise Winter Institute - 25/02/22

|6

imperial.ac.uk

llams [ 9@

lellils - S|

Simon W



