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How do classical computers work?

Classical computers are
made from simple
individual units

DDDDDDD

Reaching
classical limit

A transistor is the simplest with single
form of data processing unit “‘E.. atom transistor
in compu’rers 1111111) e
-> just a switch to block or E g
open the path for I B3
information coming through R

-> information O or 1

circuit chip basic modules logic gates transistors
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32bit: 4 billion RAM addresses

2bit: the 4 Gameboy greens 7bit: 128 different ASCII characters

00

92 _ 9 v 9 0|1 2T 9% 2% DD XD XD KD — 198 complexity of system grows
10 exponentially with # bits
11

that way one can perform
calculations, e.g. adding up two
numbers that are encoded in
binary code

once you can add, you can
multiply etc

once you scale up, you can perform outstandingly difficult
calculations, e.g simulate evolution of our Universe
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Example for addition in binary code on the algorithmic level:

define algebraic

——t ' rocedure on new . :
Rz o codn\{-{?r’r 'TO P Fati obtain result in
——rt ifferen representarion
——a . new- convert back
e representation 1 o110 2 0110 representation
N u
Binary L _1910
6+10 — —> 0 00 — 10000 — 16
01 1 O 3 4
0110 0110
+ 1010 #L ’—T,' .
110 i1
___________ 1010 1010
""" 000 10000

e Note, final solution manifold consists of 2”5 states

e However, convergence to ‘correct’ result very fast,
as algorithm provides most direct path to solution state

e Puzzling: For this example, algebraic operation on original representation
much simpler for human mind.
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Protein-folding and Levinthal’s Paradox

e Elongated proteins fold to same state within
microseconds

300

e Some proteins have 3™ conformations

e Levinthal’s Paradox (1969):

Sequential sampling of states would take

Chtotded Folded longer than lifetime of Universe (even if
o only nanoseconds per state spent)

t \vv/ e Solution: No sequential sampling, but
rapid descend into the potential minimum.

In proteins due to protein folding
infermediates

Energy «"3‘? t‘ ‘

%‘"u,\":;‘-
Molten globule

Optimisation is Life

P Solution of mathematical problem can

= be found quickly if encoded in ground
state of complex system
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Digital vs Analog simulations

e Digital: Express problem in digits and numbers. Level
of abstraction, but results in universal computing

¢ Analog: Encode problem in the constituents of the
system. Requires match between engineerable
intferactions and model

y(0) 3 7 At

=
e
—~
N
o

Krakow Kolloquium 6 Michael Spannowsky 19.10.2022



"Nature is quantum [...]
so if you want to
simulate if, you need a
quantum computer”

- Richard Feynman
(1982)

Easily said ... so how do we do that?

Beginning of a scientific journey that accelerated
in recent years tremendously....
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“« And a controversial 'Ghost in the Shell' trailer.
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. uantum Computers
Will Be Incredibly Useful For

Computers don't exist in a vacuum. They serve to solve
problems, and the type of problems they can solve are
influenced by their hardware. Graphics processors are
specialized for rendering images; artificial intelligence
processors for Al; and quantum computers designed for...
what? While the power of quantum computing is impressive,
it does not mean that existing ...
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Private and Public Sector is placing big bets on Quantum Computing

Quantum Computing
Use Cases Exhibit II: Ten-yeaénl;c_JLrJescee;sésecg)]fm %Lrjlfta;t(ugMﬁii%wsp)uting Spending by

7,000
mEnergy
Quangum Light Harvesting 6,000
Chemistry Transport é = Transportation
Climate 2 Communication Si #]?j?;:?n 5,000 mHealthcare
nergy
CO, : »
N, LNG Materials Room Temperature S/C E 4,000 = Gen. business management
=
Pl Chemistry Piaioe « 3,000 =Banking and financial services
; Differential
Biomolecules Equations 2,000 = Pharmaceuticals and materials
. design
ien .
Biology SC ence Encryption 1,000 | i IT and advanced search
=
Personalized Math — i
= Search —
Medicine linear Alinbes R ) — — = . = Defense and aerospace
Pattern Computing By Toeslitiin 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027
Bioformatics Matching Code-Breaking © CIR 2018 =R&D
Singulari
Machi_ne el
Learning Optimization Quantum
Finance ) Algorithms . . . .
Robotics ﬁ ﬁ l
prtein Fokang ~ 7 | Significant financial investment
Planning
Constrint ey expected across many sectors
Quantum Autonomous Vehicles

Machine Learning

In US, already now higher financial

gartner.com/SmarterWithGartner investment from private than public sector
S DR X e Gartner.

—p All national and infernational labs have QC programmes
| (Fermilab, BNL, LBNL, CERN, ...)
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Basic motivation for Quantum Computing

"Can we take the quantum mechanical properties of
microscopic objects and scale them up to larger quantum
systems while harnessing their quantum prowess?”

e-

INFORMATION L
Classical Quantum

- Intrinsic Randomness
- Uncertainty Principle
- Entanglement

For some specialised task quantum supremacy has been shown

Disclaimer: nobody today thinks that quantum computers
will universally replace classical computers
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The quantum mechanical principles on which the algorithms
have to rely to have a chance for a quantum advantage are

Superposition
Entanglement

Tunneling

Heisenberg
principle

Quantisation

Configuration

Required to go beyond classical computing space sampling
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Classical result double slit double slit result for quantum object

highest probability in the
middle (behind shield)

e Shows that electrons (or any quantum
mechanically described object) is described
by a wave.

g measurement collapses wave function, i.e. the
“ electrons position is defined by one number x

wtotal — ¢1 + ¢2
Y eosar = [117 + [102]® + 2Re(113)

Interference pattern arises even if electrons are
emitted one at a time
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Thus, need transition form classical to quantum:

@ 0

Q!

Classical Bit

Classical

bits

gates

algorithms

Krakow

Kolloquium

<

0)
SN
Quantum =\ 0+
—-tFr- V2
1)
g qubits Qubit
o Control qubit
|c) |c)
quantum i
>
gCl'I'QS i —@——|ec)
'\ CNOT-gate
Target qubit

> quantum algorithms
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How can these quantum principles help fo
Improve computations?

classical

quantum (superposition)
system is in one state out of 16

can be in all states at same time

e Configuration space here 16=2"4 states.

e Computations can be performed simultaneously on the whole configuration
space. -> can be much faster than classically

e A measurement of the quantum system after the computations are performed results in
the observation of one of these configurations, with a probability that corresponds to
the computational processes
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® General structure of any QC algorithm:

measurement of

operator acts on observable U -\ (U
i U la) = [91) |~ (0) =

ilbert space states corresponds to exp. v
value of operator U

Need to encode Hilbert
space and operator suitable
for quantum system

& statistical statement
need to evaluate often

- BTy ot
0 — — o * 0 _
0 U — o) 3 0 — T b
. () Ei
0 — — £ 0 —
e Operator expressed in terms of individual gates U

e Often 'Trotterization’ (Suzuki-Trotter approximation) needed:

For H=YH, ——fp o (n) ot
j=1

j=1
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Rotation about the Bloch Sphere and state paramet

cos—
|y/)—cos—|0)+e’4’sm—|1) =
sin e

-

[0)

- Measure
COS ) —e’lsm<§)
Apply Unitary rotation Us |0): U:@d.D=| | () z(¢+ﬂ)cos(§)

risation

0)

| 1) Prob( | 1)) = (ei¢sin§>2
|0) Prob( |O)> = <cosg>2

| 1)

Extending this to a system of N qubits forms a 2"-dimensional Hilbert Space
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Quantum Gate

operations on qubits

Initialisation
* results in output of superpositions

We then measure one specific outcome. Have to repeat measurement to statistically
evaluate how likely each outcome is (by calculating and measuring several times).
Since we work only with probabilities, we measure only probabilities
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Quantum Gate

Interference of Waves

SOou

Wall Screen

quantum gate and multi slit experiment are conceptually identical

IT’s a secret computation...

While operating one cannot see how the
gate works. Only at the end one can
measure the outcome
(box is closed during operations)
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Galton Board as analogy for
Quantum Computer




Technical challenges of a quantum computer

® Many quantum paradigms require system to be perfectly isolated (shielded
from outside) to maintain coherence - for as long as the algorithm takes

Achieving perfection is hard,

but remaining perfect...  \e’re trying to create
that’s impossible. things TTI:e;/T sre stable...

¥

60
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The road to Quantum Advantage

Unknown Problems Chemistry

100,000+ qubits 100 - 200 qubits
Quantum
Material Science : Optimization
100s - 1,000s qubits co m pUt Ing 100s - 1,000s qubits
Key Potential
Applications
Machine Learning

100s - 1,000s qubits

gartner.com/SmarterWithGartner

Source: “Nature,” Wikipedia
© 2019 Gartner, Inc. All rights reserved

~— IBM 400 qubits in 2021

~— IBM 1000 qubits in 2022
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jor

Qubit technologies overview. From: Forbes, Quantum Computer

Superconducting Qubits
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Popular Quantum Computing paradigms

Quantum computing has long and distinguished history but is only now becoming practicable.

Discrete Gate

Continuous Variable

Quantum Annealer

Type
P (DG) (CV) (QA)
. Universal .
Property Unllversal (any quantum ) Not universal —
algorithm can be expressed) GBS non-Universal certain quantum systems
e most algorithms and tech uncountable Hilbert continuous time quantum
J support (configuration) space process
IBM - Qiskit DWave - LEAP
? , .
How" ~ 50 Qubits Kanadu ~5000 Qubits
What"?
Krakow Kolloquium 22 Michael Spannowsky 19.10.2022




N
i

Particle Collision
Calculations

Krakow

New
physics
searches

Measurement and

Postprocessing

19.10.2022

A Y
Matter
particle antimatter
dynamics asymmetry
S e

e QUANTUM
=l =) Field Theory j\ N
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HEP application focused quantum simulations

e Sign problem - profound challenge for simulation of field theories

e Can arise in presence of
chemical potential,
topological terms, multi-
particle dynamics, ...

@
pu= |
e}
©
P
D
Q.
5
=

e Example chemical potential

Partition function g

\\. Hadrons. ¥

Z = [ DUDy Dype™S = [ DUe 59 det M LS
A ‘ Atomic nuclei

For u # 0 complex determinant ———

[det M (p)]* = [det M (—p*)]
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HEP application focused quantum simulations

e Importance sampling

Interpretation of e~Ss det M
as probability weight
e Highly oscillatory integrands

B [ DUe 53 |det M| e'®0
[ DUe % |det M| ei®

(0)

@
pu= |
e}
©
P
D
Q.
5
=

near cancellation of pos and neg contribs

yvé‘.‘ st
A=0 g L.
W4 Hadrons
A=20 ‘
2 -
O) ;_\y
Q
E ‘ Atomic nuclei
Baryon density
-3 x=0 3

[ dxexp(—x? +ilx) = [ dx exp(—x?)cos(1x)
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HEP application focused quantum simulations

® Real-time evolution on quantum computer

—] i |

can avoid sign problem ()3 o7t Elp®)

Kogut-Susskind formulation Hy

H — HMatter +HField +Hint c_I—.- N ° °

e LT e

Gauge group G ugHugT =H £ He @ 9 0 9 e 9 e 9 Hv
HMatterQ.-J.‘QQQQQ

H)"

e Sigma model with topological term [Araz, Schenk, MS ‘22]

e U(1) lattice gauge theory - real-time propagation and collisions in 2d
[Lewis, Woloshyn ‘19]

e SU(2) non-Abelian gauge field (1d) - calculation of plaquette operator
[Klco, Stryker, Savage '19]

e Simulate Lattice Gauge Theories with continuous gauge groups in

Hamiltonian formulation [Haase, Dellantonio, Celi, Paulson, Kan, Jansen,

Muschik ‘20]
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Calculation of particle collisions
il
oo

oo

R

filx;, pp) pdf do hard x-sec. parton shower hadronization

%\

® hard process and parton shower most time consuming parts
of event simulation - though carries most information!

® hard process calculated using modern helicity amplitude
techniques and parton showers using perturbative QCD
resummation techniques.

— Event generators: Pythia, Herwig, Sherpa, ...
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Parton shower I {

g g g g

Particle cascade in collinear limit I a
: . . (a) 9 — 999 (b) g — qqy

given by splitting functions and . e

non-emission probabilities

g q q/q % g

(c) g — qqg (d) ¢ = q99

Splitting functions:

)

N2
Farsae(2) = CFI : (lz ! Py—qq(2) = nfTR(z2 +(1-2)%), Py s99(2) = Ca [2

z2
Sudakov factors for non-emission probability A; k(z1,22) = exp [ — ag/ Pk(zl)dzl]

Z1

Total Sudakov, i.e. non-emission prob  A+qt(21,20) = Azg(zl, ZQ)AZ“’(ZI, Zz)qu(Zl, 2)
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Circuit for parton shower algorithm

e Circuit consists of: particle registers, emission registers, and history registers and uses a

total of 31 qubits

gluon quark antiquark
p0 1 0 0
pl 0 0 1
p2 0 1 1
COUNT GATE

Use NOT, CNOT, CCNOT gates to read particle
register and flip corresponding number
register

Po
pe{ P1 ey e
P2 Pl ey
a Pary
wo A7 A7
work
@O A
wy A\ o
Pany
Tl_q A 74
Ng
g

: Update | =a Update Gate -
pj L[ Controls from
| history register
n — Count E |0) Reset to Upda'l'e the
1 | for final particles in
e Emission r |0) ) next step )
| the particle
ho History ! register
EMISSION GATE HISTORY GATE

Control from number registers to apply emission matrix
including Sudakov factors to rotate e-register from |0> to
| 1> if emission has occurred

X X 3

ng

wp
work { w1 &

wy

r
.

e n
74

o
r

fas

D Va
4 N

I

1 U. I

emission €

U = vV Atot(215 22) _\/ 1 = Atot(z), 22)
L=
\/ 1 = Atot(z1: 29) vV Atot(z1: 22)

29

Control from particle and emission registers to
apply specific rotations to history registers

Po
Pr{ P1 >
P2 a3
vork { W1
l!n
history { M1 E
)
1 Pk—)[/(z) Pk—>l‘j(Z)
Ptot® Ptot®
U h =
Piij(2) 1 P2
\ Pt~1(@) Pt~t(2)



Initial gluon:

° step 1 Lo Two step parton shower: z,, = 0.5, z,,, = 0.3 (10000 shots)
° g—4g - QC sim
e Step 2: wa Theory
N 0.8 -
* Same final states as step 1
¢ g~ q('_I 'g 0.6 - 0.585 0.589
%
e Step 2: 204 -
. N gqq a 356 0.346
* g—499 02 -
e Step 2:
: - ggg 0.0 °'°232 0.01110.012 °'°352
— 94949 g-g 943 g-99 9-999 9-9qg
Lo Two step parton shower: z,, = 0.5, Zjo, = 0.3 (10000 shots)
Initial quark: QC sim
mw Theory
e stepl 0.8 -
* q—4q
* Step2: 8 06 -
* Same final statesasstepl 3 P .
. N o 0.4 0.398 0.398
q—4q99 £ 0
» Step 2:
. - qg99 0.2 1 0.154 0.154
¢ _) qqq 00 1 . 0.007 0.01
g-q g-qg q-qg99 q-qqq
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[Bepari, Malik, MS,

e More powerful algorithms using Quantum Walks Williams *21]
#s_l,eps grOWS 0.201 A 2:5_ J lI“lI il Here, Up
exponentially with ¢~ 111 : [ ’r.o 1.6
#qubits B Bl | emissions
ol ol I
0.05 | II |
3 it But
Circuit depth e . T practically
grows linearly R O.M;{Hui; ....... .n_O’f
Wifh #s+eps - 0O 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 1 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 Ilml.l.ed

Number of gluons Number of gluons

e Scales as ¢ =21og,(N+ 1)+ 6
e Including kinematics see [Gustafson, Prestel, MS, Williams “22]

e Conversely to classical algorithm, quantum algorithm keeps the entire
shower history in wave function

measurement by projecting onto specific state

whether quantum algorithm advantageous over classical
depends on technical factors and hardware specs

e Helicity amplitudes formalism and simplified parton shower algorithm covered
in [Bepari, Malik, MS, Williams "20]
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Data analysis for high-energy physics

70

Big Data at the LHC
__, ATLAS/CMS 200 events/s
passing friggers ol
— ATLAS/CMS 2 PB/year of data Z;ﬁ, il
ATLAS 4. .
o g RIMENT O Candidate event tth ATLAS

® Highly complex data

® Need sophisticated automated
data analysis methods to
discriminate signal from
backgrounds
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Supervised

Fine-grained
small net

Regression Classification

Unsupervised

Clustering Autoencoder

° o8 o g o o . 3 nodes .
. .0 '.0.: ° Input . . . Output
B oll®|o
® oo ¢3° 0... ' . .
‘:EE..' .°’°°os.\.o'°: ® ®
odr

Loss function

|
for quantum continuous
variable algorithm see
Krakow Kolloquium 33 Michael Spannowsky 19.10.2022
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Classical Neural Network recap

Very powerful principle which NNs are designed fo exploit

Output
Layer

Input

1. an adaptable complex system that Layer
allows approximating a complicated
function

\[//
\O/

2. the calculation of a loss function in the
output layer which is used to define ,
the task the NN algorithm should E(y,y) =

perform by minimising this function

3. a way to update the | e pf e
network continuously while ﬁ
minimising the loss function, ///" e
e.g. backpropagation =

w

Difficult fo keep all in quantum system - but not impossible? stay tuned!
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Quantum Machine Learning with a Variational Quantum Circuit

[Blance, MS “20] n corresponds
to # features
Measurement and

State Preparation Model Circuit Postprocessing state prep aration /

z = Spl¢) = 8,[0)°" = |z)

angle encoding

lz) = é@lcos(xi)m) + sin(z;)|1)

Mv} angles define Hilbert space

trainable d for single qubit «, [, and 7y
o prepare gleq » M
model circuit parameters state

H/

) = Uw)|z)  with  Uw) = Uy (Wigyo) -+ Ui(wi) .. Ur (w1)
sing!e y efcos(a)  esin(a) 2-layer Variational Quantum Circuit
qubit G, 5,7,6) = )+ oot
gate —e sin(a) e "cos(a \% N M M
CNOT (1) (1) 8 8 to entangle/ ” — B

CNOT = disentangle
gate vOul states

0010
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Gate quantum machine learning in action

A

E(c.) = (0|, () U(w)!OU (w)S,(2)|0) = x(w,z) for O = o, @*"Y

Quantum network output: o
flw,b,x) =7m(w,x) + b o
Classification loss x ® ® @ n ® w

Il ST ot 2
L = - > [zﬁ e F(w, b, CL‘@-)] could be RMSE, binary cross
1=1 '\ entropy or etc

label (signal, bkg)
supervised learning
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Gate quantum machine learning in action

classical gradient descent (GD):

L(6*, 9?)

Ht—l—l — Qt — UVL(H)

quantum gradient descent (QDC):

Fisher Information Matrix F promotes
gradient descent to natural gradient descent (Riemannian geometry):

Ory1 = 0, —nF VL(0)

VQC parameters

Fubiny-Study metric underlies
geomeftric structure of VQC

weights 6,2, = 0y —ng V" L(0) , "
parameter space: |

N "; bias O 1
0,1 =0, —ng VL(H)
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Gate quantum machine learning in action

—_
w

- 1500 ftraining events VOC — GD | 500 events VOO — GD
—— VQC—-QGD | — VQC—-QGD

—_
(N}

—_

(N}

= 1.1 S 1.1
z 0 |
= H .= _
= 1.01 Z 1.0}
= =

0.9} 0.9}

)
(0]
)
(0]

—_
—_
| —
DO
| —
w
(-}
—_

11 21 30
Epoch Epoch

1.0

0.8} performance
9 QC device vs simulator
= 0.6
= Device Accuracy (%)
EGOO' 4l PennyLane default.qubit 72.6
2 ibmq qasm_simulator 72.6

0.2} — VQC—QGD AUC = 0794 < ibmqx2 714

VQC —GD AUC = 0.773 o
—— NN-GD AUC =0.738 i
% 0.2 0.4 0.6 03 1.0

Background Rejection
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Anomaly detection [Ngairangbam,
MS, Takeuchi ‘21]

Classical autoencoder Quantum autoencoder
181) P
............ . B
1
rrrr ‘w-;““i "_ | T
2 T ey
T 8. | Us® Uiz® . B
‘__— |
Encoder Decoder
Encoder Decoder
1.0r=
Lo — CAE train S N
—_ — QAE train 0.8
~ 0.8 ~—~ CAE val _
 (f ___ Q AE val 8 \\ ‘\\\‘\
B © \‘\“\
© 0.4 5:0.4
S ) —— QAE
Q| ---- CAE
= 0.2 0.2{ — Lat.dim.=1
—— Lat. dim.=2
0.01 —— Lat. dim.=3
0O 10 20 30 40 50 60 70 80 90 100 085 03 o024 06 08 1o
Epoch Background Re;j.

~-——3» Much faster training and better performance for Quantum autoencoder
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Quantum annealing:
Non-universal but universally powerful?

e Specific Hamiltonian. What does the “anneal” mean?

Haoa (t) YYJMO'ZO'Z—I—Z}ZO' + A(t Za

final Hamiltonian initial Hamiltonian
(encodes actual problem) (ground state = superposition of qubits with O and 1)

A(t) induces bit-hopping in the Hamming/Hilbert space

(111)

® Anneal idea: transition from ground state of initial

Hamiltonian into ground state of problem Hamiltonian (001)
® The idea is to dial this parameter to land in the global

minimum (i.e. the solution) of some "problem space”

described by J, h: 6 | o (000)
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Thermal (classical) and Quantum Annealing are complementary:

e Thermal tunnelling is fast over broad shallow potentials
(Quantum “tunnelling” is exponentially slow)

e Quantum tunnelling is fast through tall thin potentials
(Thermal “tunnelling” is exponentially slow - Boltzmann suppression)

e Hybrid approach can be useful depending on solution landscape

smooth rough
E region region
QA finds wide
minima

state

classical algorithm

-— = o
— —

successful
tunnelling
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How to encode a problem on an Ising model

Example 1: how many vertices on a graph can we colour so that none touch?

NP problem
Let non-coloured vertices have aiZ — —1 and coloured ones have O',L-Z = +1

Add a reward for every coloured vertex, and for each link between vertices
i,j we add a penalty if there are two +1 eigenvalues:

J

H:—AZO'Z-Z—F Z 07 +of +oi07]

linked pairs {7,5}

Krakow Kolloquium 42 Michael Spannowsky 19.10.2022



Example 2: N"2 students are to sit an exam in a square room with NxN
desks 1.5m apart. Half the students (A) have a virus while
half of them (B) do not.

How can they be arranged to minimise the number of
infections due to <2m social distancing?

Z
There are N2 spins 9IN+j arranged in rows and columns. We do not care

if A>=<A or B>=<B, but if A>=<B then we put a penalty of 2+ on the
Hamiltonian (ferromagnetic coupling)

N N
H= ) y: Oem (B(i+1)j + 0(i-1)7) + 015 Qe 1ym + Oe—1ym)) [1 = 0N +i0mn +5]

Im=113=

Finally we need to apply constraint that #A=#B:

2
N N
constr 2 /
H( tr) :A(#A_#B) = A (ngé[v—{—i) — ., S: O¢N+iO mN—{—}
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e Example 2 done with classical thermal annealing using the Metropolis
algorithm. Note this represents a search over solution space of 27100
configurations

e Importantly the constraint hamiltonian cannot be too big otherwise the hills
are too high and it freezes too early. This makes the process require a
(polynomial sized) bit of "thermal tuning”.

® Could be done more easily on quantum annealers as constraints could be high
and it would still work, e.g. D-Wave quantum annealer. However, architecture
(connectivity of J, h) is limited.
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Encoding a feld ’rheory [Chancellor ‘19] [Abel, Chancellor, MS ‘20]

Consider encoding a continuous filed value ®(p) at some point, and discretise into N
o(p1) = o+l = ¢o+&... o+ NE

Wish to represent it as a point on a spin chain == domain wall encoding:

BIEIEEISIEE 1 +1+1+1+1+1

N—1
1
We translate this fo a field value using ~ ¢(pe) = 5 Y (0 +58) (0nsj41 — Tln))
j=1

receiving only contribution from frustration at ) = a

For this domain wall encoding to work we have to avoid mult. frustrations e.g.

+‘1 f Aol el

N
. chain
"‘“"""b include ’Hé ) = (Z 0£N+]0£N+j+1 - UeZN+1 + UEZN-i—N>
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Pictorial representation of a solution spacetime discretised

2 Pt = lu

= v...Mv

IIIIIII+ 1414141+
BISIEEISIRRY - 1 +1+1+1+14
o|  EIEIEEISIEED 1114141+
+‘+‘ 11
BB -1 +1+1+1+1+1+1+
BIBIEE -+ 1+1+1+1+1+1+1+

N N
¢( )_d)()+_§_gz UﬁN-{—J

J» Can be extended to multi-dim (2D) examples/functions/field theories

[Abel, Blance, MS ‘21]
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Example 1: Matter-Antimatter asymmetry

WHERE IS THE ANTIMATTER?

WHAT WE SHOULD SEE WHAT WE DO SEE

An equal amount of matter and Matter fills the universe while there is
antimatter fill the universe. only trace amounts of antimatter.

antimatter

Sakharov conditions: (for dynamical generation of Baryon asymmetry)

* B violation / Sphaleron (M |

* CP violation ?\/ enough? -> flavour physics

 Departure from thermal equilibrium % not enough
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Semiclassical calculations for bubbles and phase transitions

Need to find stationary points of Euclidean action:

Potential energy
B s |1 /0\° 1.
S = /de x [2 (E) T §(V¢> +V(9)

Transition from false fo true via tunnelling. Bubble

can nucleate anywhere, with nucleation rate per unit
volume:

I'
? — Ae_B B = S(¢b) _ S(¢fv)

Growth of bubble via classical equation of motion

0? 2\ , O
<—@+V )Cb— 8—¢V(¢)

Methods to calculate bubble nucleation:

e Thin-wall approximation
[Guada, Maiezza,

® Polygon approximation Nemevsek 18]

e over/undershoot method
¢ Neural-Net approach [Piscopo, MS, Waite ‘19]
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A quantum laboratory for QFT and QML

- going beyond the reach of classical computers -

e Using the spin-chain approach for field theories discussed before, we can
encode a QFT on a quantum annealer and study its dynamics directly.

[Abel, MS ‘20]

® To show that the system is a true and genuine quantum system we
investigate if the state can tunnel from a meta-stable vacuum into a the

true vacuum.

0.8

0.6

® Choose a potential of interest:

0.4 A

U(p) = Z tanh? ¢ — k(t) sech® (¢(¢ — v))

where ¢ = n/no time dependent 02

0.2 A

u(¢)

¢(t) is the field and ¢, v are dimless constants field value ¢

Krakow Kolloquium 49 Michael Spannowsky 19.10.2022



0.14 -

0.12 -

0.10 A

0.08 -

Potential

0.06 -

0.04 A

0.02 A

0.00 - v - Potential to settle for 40 us

A Al 1 T T T

-2 0 2 4 6 8 10
field value ¢

Krakow Kolloquium 50 Michael Spannowsky 19.10.2022



0.14 -

0.12 -

0.10 -

0.08 -

1/NtotaN/a¢

0.06 -

0.04 -

0.02 -

——

0.00

Krakow

Kolloquium

1

|

1
1

|
|
|
|

- Potential
Initialised

---- Eilgenfunction

B Measurements

1 | I 1

4 6 8 10

51 Michael Spannowsky 19.10.2022



0.14 -

0.12 -

0.10 -

0.08 -

l/NtotaN/a‘p

0.06 -

0.04 -

0.02 -

0.00

Krakow

Kolloquium

- Potential
Initialised

---- Eigenfunction

B Measurements

T T I v '

2 4 6 8 10

52 Michael Spannowsky

19.10.2022
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0.12 -
- 0.10 -
2
< .
© 0.08 - ,
=
— 0.06 -
0.04 - :
- Potential
Initialised
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B Measurements
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0.12 -
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°
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S 0.08 -
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LIV o Uiy U

0.150 - __ N —
0.125 -
0.100 -
0.075 1
0.050 -

0.025 A

. - . e —— ——-a - — - - —

0.000 - B .
---- Potential for 40 us

—0.025 4 = Potential for 100 us
Initialised
—0.050 4 M8 Measurements
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Results: it decays with v as expected

0-107 1 v=2.0
v=25
0081 — V=39 Perform tunnelling for
1 v=35
0.06
ltunnel = 10()#8 a"' Sq — 07
0.04
0.02 A
0.00
- 5
ﬁeldvalued)
1.0
—— Fitted Curve
0.8 - ¢ Original Data
£ 0.6
Theory: logl’ = 3.0 x (1.66 — v) 3
Exp: logT' = 2.29 x (1.71 — v) 02
0.0 1

2.00 2.25 2.50 2.75 3.00 3.25 3.50
vacuum expectation value v
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Also dynamics has characteristic behaviour. For example it still “tunnels” to the
bottom of a potential even if there is no barrier: i.e. the wave function leaks

across, rather than rolling as a lump —

Multiple measurements on the quantum annealer:

U(¢1a ¢2)

- (0.5

O
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|ll

Also dynamics has characteristic behaviour. For example it still “tunnels” to
the bottom of a potential even if there is no barrier: i.e. the wave function
leaks across, rather than rolling as a lump —

Multiple measurements on the quantum annealer:

140
5
L 120
’ 4
140 1 ; \00
120
100 2 80
80
60 1 &0
40
0
20 40
0

g
A
2, | (90959

-3
-1.00 -0.75 -0.50 -0.25 000 025 050 075

20
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Example 2: Optimisation comparison quantum vs classical

gradient descent Nelder-Mead Thermal Annealing Quantum Annealing

Ti+1 — Iy —Vf(a:z)

1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0
—0.2

Us(6, )



Results for Multi-well potential

e Quantum algorithms finds global
minimum of potential reliably and
fast!

Probability Density p(¢, )

=
)
0103
2

= -1

=

0.05 £
-2
0.00 -3

-3 =2 -1 0

[Abel, Blance, MS ‘21]

Method Time/run (us)

Nelder-Mead 4900

Gradient Descent 2900

Thermal Annealing 5 x 10°

Quantum Annealing 115

; Quantum
'A : = annealer almost
"y 05 never gets
é , f stuck in wrong
"= - minimum

0.00

(a) Nelder-Mead

(b) Gradient descent

3
3.15 3.15
2.80 2.80 9
2.45 2.45
) ‘ 1
2.10 4 2.10 4
“ @
1.75 8 1.75 & =
”3 7 E E 0
4 40 .
140 & 140 &
1.05 1.05 -1
0.70 0.70
0.35 0.35 -
WO0 S 8]
0.00 -3 0.00 Y

-3 -2 -1 ()

(c) Thermal annealing

|~ QA is depth
=i savvy, i.e. works
«  qualitatively

0.70

different

0.00

(d) Quantum annealing

—— Clear significant quantum advantage
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Completely Quantum Neural Networks

Structure of node i, in layer L  Li(z) = g (Z Wi T +bi)
Network output in final layer Y = LWo . .. oLO

Loss function L(Y) = —Zlya—

e Developed binary encoding of weights
(discretised)

e Polynomial approximation of activation
function

e Reduction of binary higher-order
polynomials into quadratic ones (Ising model)
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Details about encoding - our approach
Use QUBO encoding to write 7 = %(Oe+1) — 1 =0,1

encode weights of NN p ~ wz(f), b(k) as binary p = —1+ oW, Z 2747k

1.0

bl 10— 1/(1 + e~4%)
o [ Q2 // -y .

Expr‘ess activation 05 mumm (1+12)2/4 0.8

0.6

function as a 00

04

POIYnomiGIZ 0.2

04

0.2
0.0

0.0
—-1.0 —05 0.0 0.5 1.0 ~1.0 —0.5 0.0 0.5 1.0

Express loss function using binary-form weights.

Problem: need to convert to Ising model - quadrature procedure
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—0.50 A

—0.75 A
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-1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00

1.00
0.75 -
0.50 4
0.25 é
0.00 -

~0.25 1

~0.50 1

~0.75 -
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e ot o

.
. .
.
. .
. °® .
P .N. ¢ ".
.
.
e ° b4
0 .
* .
.
.

~1.00 427

-1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00

Krakow Kollo

quium

68

1.00

0.75 1

0.50 A

0.25

0.00

—-0.251,

—0.50 A

—0.75 A

-1.00

—-1.00 -0

.75 -0.50 -0.25 0.00 0.25 0.50 0.75

1.0
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Completely Quantum Neural Networks

Loss

1.0 BN quantum

B constrained classical

Weights and biases> 0.8
:

§ 0.6
Reliable and very 2

fast ground-state .
finder of loss

function
0.2
Optimal network training 0o M
circles quadrants bands ttbar
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QADE: Solving differential equations with a quantum annealer

[Criado, MS “22]
Example Laguerre differential equation:

vy’ + (1 —2)y + 4y =0 with y(0) =1 and y(1) = Ly(1)

epoch = 0 (Elvet) epoch = 0 (Qade)
LOq 2y + (1 —x)y +4y =0 1.09 o 2y’ + (1 —2)y +4y =0

y(z)
y(z)

0.0 - e 0.0

S
~
-~
-~
S~
-~
“
————————

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

Classical Neural Network Quantum algorithm

[Piscopo, MS, Waite ‘19] [Araz, Criado, MS “21]
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Thermal annealing

physics
searches

Particle Collision
Calculations

ewmissioN GATE

Matter
antimatter
asymmetry

particle
dynamics

RO — O V1 (g} (V1)) :
W=\l Field Theory J

® Quantum computers are near-fo-midterm future experiments that

can be used to address problems in high-energy physics, shown
here particle collisions, data analysis and quantum field theory

® Exciting research area that rapidly expands, supported through
private and public sector. Many algorithms to be invented.

e For many more exciting applications, need development of technical
realisation of quantum computers (fault tolerance, coherence,

operations,...)
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