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vent Generation - What's the problem!?

SciPost Phys. Codebases 8 (2022)

Iypical hadron-hadron collisions are highly
complex resulting in O(1000) particles

The theoretical description of collision
events 1s highly complex

(O Hard Interaction
® Resonance Decays

B MEGs, Matching & Merging

B FSR
Monte Carlo Event i

W Weak Showers
Generators have been the most = Hord Onium

(O Multiparton Interactions

[J Beam Remnants*
Strings
Ministrings / Clusters

successful approach to simulating
particle collisions

Colour Reconnections
String Interactions

Bose-Einstein & Fermi-Dirac
M Primary Hadrons

@® Meson B Secondary Hadrons

A Baryon _ . .
W Antibaryon M Hadronic Reinteractions

© Heavy Flavour (*: incoming lines are crossed)

MC Event Generators exploit
factorisation theorems in QCD -
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Monte Carlo Event Generation
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Monte Carlo Event Generation

Phys. Rev. D 103, 03402/
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Monte Carlo Event Generation

Phys. Rev. D 103,076020
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Monte Carlo Event Generation
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Phys. Rev. D 103, 076020
>
Phys. Rev. D 106, 056002
Phys. Rev. D 103, 03402/ Phys. Rewv. Lett. 126, 06200 JHEP 11 (2022) 035
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Monte Carlo Event Generation
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The Parton Shower

Soft mode:

i 11

% P 0 Interference effects only allow for
< [ partial factorisation

_eading contributions to the decay rate in the collinear

mit are included in the soft lImit

Collinear mode:

% _ In this limit, the decay from high energy to low energy

I = = I
k —< j p=2zP p= (11 9P proceeds as a colour-dipole cascade.

Successive decay steps factorise into

This interpretation allows for straightforward

Independent quasi-classical steps . .
P X P interference patterns and momentum conservation
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Parton shower - Collinear Iimit

High-multiplicity final state: Using the splitting functions, we define the non-=-
emission probability, known as the Sudakov:

#.(2,,2,) = exp| ! !Sl[zzdz$3ji(z$

4

n-partons

[t 1s now possible to bulld an MCMC algorithm for the

collinear shower:

. | | ) Determine whether an emission has occurred
The cross-section can be factorised in the

collinear limit by defining splitting
functions P;(2)

2) Identify which emission has occurred
3) Update shower content
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QCD Quantum Monte Cario Parton
Shower

Extending on
B. Nachman, D. Provasoli, W. A. de Jong, and C.W. Bauer, Phys. Rev. Lett. 126, 06200 |




QCD Quantum Monte Carlo Parton Shower
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QCD Quantum Monte Carlo Parton Shower

Consider to a toy QCD theory with one quark e

flavour and one gluon - splitting functions are the My,
DGLAP cquations

Py(@ = nT(Z°+ (1! 2)9).
K Berpal, S. Malik, M. Spannowsky and SVV, Phys. Rev. D 103, 076020 gq( ) = ¥ TR( ( ))
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QCD Quantum Monte Carlo Parton Shower
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QCD Quantum Monte Carlo Parton Shower

Consider to a J[OY QCD theory with one quark . Count Emission History . Measure

flavour and one gluon - splitting functions are the  po — T (| |

DGLAP cquations | U

The algorithm proceeds via the determine-

identify-update method of the MCMC ] : : .
parton shower algorithm: the emission, n Tc; 0y Reset
history and update operations - “ I ' '

Y for

e — Ef g 0!} next step-

K Berpal, S. Malik, M. Spannowsky and SWV, Phys. Rev. D 103, 0/6020 e |
Repeat N times

Simon Williams - s.williams | 9@imperial.ac.uk : Simulations of QFT, Oberwdlz - 08/09/23


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.076020

QCD Quantum Monte Carlo Parton Shower

Consider to a toy QCD theory with one quark o Emsson sy Updie T weasune
flavour and one gluon - splitting functions are the  pg ’ . (] |
DGLAP equations |u
Pt nwal
The algorithm proceeds via the determine-
identify-update method of the MCMC S ’
parton shower algorithm: the emission, n Ce 0] Reset
history and update operations I - for
e — — Bt —— 0] next step-
The QCD MC parton shower grows h | “ i ' '
quadratically n quantum resources and ’ ks J
circuit depth |
K Berpai, S. Malik, M. Spannowsky and SWV, Phys. Rev. D 103, 0/6020

Repeat N times
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QCD Quantum Monte Carlo Parton Shower

Current architecture limits the

algorithm to two shower steps
using 3 1 =qubits with 465 gate
operations (296 are multi-qubit

operations)

An @xcess Is observed In channels

Probabilities

1.0

0.8

o
o

o
1N

0.0-

1.1

1.0-

0.9

. Quantum
Classical

Probabilities

499 qq

—=
o

O
o0

o
o

o
1N

—
N

© P P O
© O B+ O

Quantum
Classical

qu 99 g9y gOq

whose history includes a g Y @0

splitting - this Is due to a A realistic shower would have a larger shower depth

preference given to Py, over Py, then 2 shower steps - a new technique Is needed

Phys. Rev. D 103, 0/6020
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The Quantum Walk
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The Quantum Walk

0! |1!
0.10
\/\ /\ —— Classical
S N
Xx="2 x="1 — — =
Xx=0 x=1 x=2 0.08.
ny N
0.06 - C
>
E
©
O
© 0.04-
(ol
0.02-
0.00
-100  —75 —50 —25 0 25 50 75 100
Position
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The Quantum Walk

0! 11!
0.10

\/\ /\ —— Classical
=0 O @ O (O
Xx="2x="1 x=0 x=1 x=2 008
ny
0.06- cC N
§0.04-
Coin
Operation: e
1
Cl0&= = 10&+ 118 0.00
5 (
~100 -75 ~50 —25 0 25 50 75 100
Position
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The Quantum Walk

0.10

—— (Classical

0.08

0.06 /\ "(? = N

0.02 -
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o
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e

Probability
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The Quantum Walk

0.10
—— (Classical
0.08-
nyg N

0.06- C
>
2 \
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The Quantum Walk

0.10

—— Classical
—— Quantum

0.08 -

0.06 -

0.00 1/ J \ \'

-100 -75 —50 _25 0 25 50 75 100
Position

Probability
O
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Quantum Walks with Memory

— e — y Qubit model:
P - +—P T T Augment system further by adding an additional
: R St I <> memory space
oL e =" p( " (' wm
Advantages: Speedup via Quantum Walks

- Arbrtrary dynamics

- Classical dynamics in unitary evolution Szegedy Quantum Walks have been proven to

achieve quadratic speed up for Markov Chain

Disadvantages:
Monte Carlo

- [1ght conditions on quantum advantage

Simon Williams - s.williams | 9@imperial.ac.uk 2 Simulations of QFT, Oberwdlz - 08/09/23



Imperial College
London

Quantum Walk Parton Shower




Quantum Walk Parton Shower

[dentifying the probability for a specific B e 5 EE-M-‘?“?‘-S-WE;
emission as e AN KA Syl
I AT
PP (L #). By —— —
c : increase the dimension of the coin space ¢ = P!
to accommodate collinear splittings ' '
a Dy y ; : | | T
p : INcrease the dimension of the position — —— M E
space to accommodate parton species e S — :

o . . Repeat for N Steps
Coin and Shift operations now propagate

the determine-identify-update routine. A final memory operation can be used when
needed to apply conditional coin operations
A position check is needed for the Sudakov ~ Without introducing decoherence effects

Simon Williams - s.williams | 9@imperial.ac.uk 14 Phys. Rev. D 106 (2022) 5, 056002



Quantum Walk Parton Shower

A 31=-step shower can be
simulated using the
Ibm_gasm_simulator showing

good agreement with a
ike-for-like classical algorithm

As a comparison, the QW

parton shower can replicate the

two step shower with 9
qubits and 203 gate
operations (|44 multi gubit
operations)

0.20 1
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[
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o

Probabilities
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.......
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=
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()
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{ 13
|
N |
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The shower is entirely collinear - a new technique must be

developed to include soft emission within the shower evolution

Simon Williams - s.williams | 9@imperial.ac.uk

Phys. Rev. D 106 (2022) 5,056002



Imperial College
London

The dipole shower - discretising QCD
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The Dipole Shower

Non-Emission Probability
The choice of the variables # and Uis

tn
known as the phase space (b 1) = exp (/dtdgéwc*;s " iSik (t_,f)t )
parameterisation w27 sij (6 §)sik (¢, €)

Fn(®n,th,te;0) = A(tn, te)O(®n) Master Equation

Itn

| :

2" 2" sj (t, #)sik (L, #)

A(th, t)Fnr(Pn+1, L, te; O)
Inclusive Decay te

Probabilit
4 Current interpretations of the veto

dsi; dekC,Oés 2STK

algorithm treat the phase space variables
STK SIK 27 S1595k

dP (q(p1)d(px) — a(pi)9(0;)d(pr)) =
# and T as continuous
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Collider Events on a Quantum Computer

Gosta Gustafson,® Stefan Prestel, Michael Spannowsky,” Simon Williams®

@ Department of Astronomy and Theoretical Physics, Lund University, S-228 62 Lund, Sweden

b Institute for Particle Physics Phenomenology, Department of Physics, Durham University, Durham
DHI 3LE, U.K.

©High Energy Physics Group, Blackett Laboratory, Imperial College, Prince Consort Road, London,
SW7T 2AZ, United Kingdom

ABSTRACT: High-quality simulated data is crucial for particle physics discoveries. There-
fore, Parton shower algorithms are a major building block of the data synthesis in event
generator programs. However, the core algorithms used to generate parton showers have
barely changed since the 1980s. With quantum computers’ rapid and continuous develop-
ment, dedicated algorithms are required to exploit the potential that quantum computers
provide to address problems in high-energy physics. This paper presents a novel approach
to synthesising parton showers using the Discrete QCD method. The algorithm benefits
from an elegant quantum walk implementation which can be embedded into the classical
toolchain. We use the ibm_algiers device to sample parton shower configurations and
generate data that we compare against measurements taken at the ALEPH, DELPHI and
OPAL experiments. This is the first time a Noisy Intermediate-Scale Quantum (NISQ)
device has been used to simulate realistic high-energy particle collision events.
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Discrete QCD - Abstracting the Parton Shower Method

. Parameterise phase space in terms of gluon transverse

momentum and rapidity: | %zlniki/M)
K2 = 15K and y=3In Si
| SIK K

<€ » U

which leads to the inclusive probabllity:

C$S 1
dP (a(p)epx) AP 9P )&pk)) #= — =d"dy
k> . .
where k=In (A—é) and - Is an arbitrary mass scale

Due to the colour charge of emitted gluons, the rapidity span

for subsequent dipole decays Is Increased. I'his Is interpreted as

(/2 =ndy,

“folding out” T

L/2
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Discrete QCD - Abstracting the Parton Shower Method

2. Neglect g Y0 (Q splittings and examine transverse-

: . — ] k2 A2
momentum-dependent running coupling A
127 1
as(kf ) =
s( K| 331 2n; lzfl(lc!2 /! éCD) . g

leads to the inclusive probability

dr dy
K 0Yg

. 11

dP (q(pr)a(px) — a(pi)g(p;)a(pr)) ~=

nterpreting the running coupling renormalisation group as a gain-

0ss equation:

onastiecvaguen L — Ll

0Yg
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Discrete QCD - Abstracting the Parton Shower Method

2. Neglect g Y0 (Q splittings and examine transverse-

momentum-dependent running coupling

. (kz) 12z 1 __ const.
ST 331 9y @n(k,z /! éCDD K

leads to the inclusive probability

dr dy
K 0Yg

. 11

dP (q(pr)a(px) — a(pi)g(p;)a(pr)) ~=

0ss equation:

Gluons within 3y, act coherently

as one effective gluon ﬁ Eﬁﬁ i%

Simon Williams - s.williams | 9@imperial.ac.uk 20

nterpreting the running coupling renormalisation group as a gain-

k= In(k7 /A?)

0Yg
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Discrete QCD - Abstracting the Parton Shower Method

Folding out extends the baseline of the triangle

|
to positive y by > where | is the height at which ®

to emit effective gluons

O O @
A conseguence of folding Is that the v axis Is quantised into
multiples of 23y,
Fach rapidity slice can be treated independently of any other ¢ 0 @O

slice. The exclusive rate probability takes the simple form:

& !(ma )
d" . dy, d"
—exp ! T O O O O O

maX
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Discrete QCD as a Quantum Walk

The baseline of the grove structure 11,4 Discrete-QCD di

DOle cascade can

¢ o \e contains all kinematics information therefore be implemented as a simple

Quantum Walk

For LEP data there are 24 unique grove
structures for - ocp ) [0.1,1 GeV

e

[o] g —~
— c C ’ l )
|m' l M

--------------------------------------------------------

Repeat for all slices in fold
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Discrete QCD - Grove Structures

(A)

B © D (E)
G) o (1) (J) (K) (L)
M) (N) (0) (P) Q) R)
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Discrete QCD as a Quantum Walk - Raw Grove Simulation

The algorithm has been run on the

0p)
) | | | | | | | | | | | | | | | | | | | | | | | |
= Classical - .
500 om agers @7quin | 1BM QASM 32-qubit simulator
g { ibmg_gasm_simulator
al : :
010 1 The device simulates a fully fault
e . s . tolerant quantum computer without
0.08- H B _ |
a noise mode
0.06~ |
The 24 grove structures are generated
et 1 foraEgy = 91.2 GeV, corresponding
0.09- . T | to typical collisions at LER
0.00 We see exact agreement between the

tructure  gjmulator and analytical rates
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Generating Scattering Events from Groves
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Running on a Quantum Simulator

1/ocdo/dp [GeV 1]

Ratio

103

= R

P OO 9 =
21 N TS HEN VRN N

Transverse momentum of all particles

e L e R | —
5 —— Docb shower 3
s —— QUANTUM shower (ibmg_qgasm_simulator) -
I R ‘ I ‘ L | ‘ I N e
= [ B N =
= A e 0 [ o P oy B =
= “" T T =
= | | | L . =
0 5 10 15 2

1/1 di/dy

Ratio

I
\l

0.6
0.5

0.4

0.3

o
N

I

O OO PEERE
U ~00 OFFN WAO

Rapidity of all particles

— 1T ‘ | ‘ I ‘ 1T ‘ 1T ‘ 1T =
= —— Dqgcd shower -
— — Quantum shower (ibmg_qgasm_simulator) —
- . - -
I — | ‘ L ‘ L ‘ || | T
§_| ! | ‘ I N ‘ 1 ‘ [ | | |_§
§_| I ‘ | ‘ I I ‘ I I ‘ I I ‘ I I_g
3 -2 -1 0 1 2 3

y
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Running on a NISQ Quantum Device - Streamlined Circuit

PO RSERES : Coin operation constructs an equal

§, ¥ ¥ . superposition of 11 states on a coin register of 11
‘-- ! fé B S fé L quWS

B L 1
o === S'E=——==H-| Cl0& "= —(!0&+ !1&+ ...+ In! 1§

n = 2 slice n = 3 slice

........................................................

Repeat for all slices in fold
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Running on a NISQ Quantum Device - Streamlined Circuit

o ] shit . Memory.
| —=——{s Hs———~ o S ey
' ' L 9) = 5 —
[ek S’ X l g
C C
c C : l T . g l T
1 m) M
|m! M F——— L H T
S “repent for all sioen in fold
Repeat for all slices in fold
15 qubits 10 qubits
116 gate operations 2] gate operations
(102 multi-qubit, 14 single qubit) (12 multi-qubit, 9 single qubit)
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Discrete QCD as a Quantum Walk - Raw Grove Simulation

& L L S The algorithm has been run on the
= ] Classical
T 012 ; I ibm_algiers (27 qubin{  |BM Falcon 5.1 1r chip
= { ibmqg_gasm_simulator
o
> 1 The figure shows the uncorrected
ood EEAE AEE g | performance of the ibm_algiers
I device compared to a simulator
0.06- ! —
1 1
: : he 24 grove structures are generated
0.04- | |
) fora Eqpy = 91.2 GeV, corresponding
3 ¥ ¥ T | -
0.02- - TITTIITTITT t == === 1 totypical collisions at LER
| | | | | | | | | | | | | | | | | | | | | | | | '
A BCDEFGHIJKLMNOPQRSTUVW X Main source of error from CNOT
Primitive Grove Structure

errors from large amount of SVWAPs
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Collider Events on a Quantum Computer

Thrust (Ecpg = 91.2 GeV) Differential 2-jet rate with Durham algorithm ( 91.2 GeV)
~ _ % :IIIIII‘ | | ||||||‘ | | ||||||‘ | | ||||||‘ | ]
g ~ —+— AcgrH data (EPJC 35 (2004) 457ff) - 2 : ~ -
T ot Dqocp shower zr'l? = 102 — + —
S - —— QuanTuM shower (ibm_algiers) ﬁ - = = + -
— — n — ]
- - B | t- . _
- —o— - 101 = o -
é T é 41 : :
101 — : ‘ _ - —¢— Opal data (EPJC 172000 19ff) i’L -
- = B —— Dgcd shower N
—* ] 10 1 £ —— Quantum shower (ibm_algiers ) -
i i - *
101f§;_" e —— ""_; 1.4; HH} IIIHH} IIIIIIH} IIIIIIH} I;
1.6 £ = 13 E — =
g 4= — s 12E 1 E
5 1.2 _-I.E_ = 1_% = E
1 —+¢ ¢ o o —o—o—o a = Wiry _+_+_+_+_+_+_+_+_+_+. =
J o8- | Mg 5 09: ARARILAS:
= 0.6 — — = 8§ = _|—-—'_‘—_l_'_'_ —=
0-4 E- — L E =
0'2:_||‘|||I‘IIII‘IIII‘IIII‘IIII‘IIII‘IIII_: 8@2 ||||‘ | | ||||||‘ | Ll [ I]] _L'—I_II_IIIIII‘ | ::F

065 0.7 0.75 0.8 085 0.9 0.95 10‘ 4 10' 3 10' 2 10' 1

T y2D:lgjrham

G Gustafson, S Prestel, M Spannowsky and SW, JHEP 11 (2022) 035
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Summary

igsh Energy Physics Is on the edge of a computational frontier,
the High Luminosity Large Hadron Collider and FCC will provide
unprecedented amounts of data

Quantum Computing offers an impressive and powerful tool to

combat computational bottlenecks, both for theoretical and
experimental purposes

The first realistic simulation of a high energy collision has
been presented using a compact quantum walk mplementation,
allowing for the algorithm to be run on a NISQ device

Future Work: A dedicated research effort is required to fully

evaluate the potential of quantum computing applications In
HEP
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Classical Random Walk
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Classical Random Walk
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The Quantum Walk
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The Quantum Walk
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The Quantum Walk - Coin inrtialisation
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The Quantum Walk - Coin inrtialisation
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The Quantum Walk - Coin initialisation
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The Quantum Walk - Coin inrtialisation

Initialising the coin in the ' 1 1é state 0107
Quantum
H(! 118 = - (!O&! !189 008
/2
0.06-
Removing the asymmetry: <
© 0.04-

\/z 0.02 -

c8= —— (108! i118)
\

Left moving part (! c&= !0¢) propagates in real Y W
amplitudes. Right moving part (! c&= !1¢) o
propagates In imaginary amplitudes. -100 =75 =50 -5 0 25 50 75 100

Simulations of QFT, Oberwolz - 08/09/23

Simon Williams - s.williams | 9@imperial.ac.uk 36



The Quantum Walk - Coin inrtialisation

Initialising the coin in the I 11¢ state 0.10 —
n2 2 Quantum
1 a* N |
H(! 118 = —(!0&! !1&)
V2 PN
0.06- C
Removing the asymmetry: <

So0a

\/z 0.02 -

c8= —— (108! i118)
\

Left moving part (! c&= !0¢) propagates in real 7 7
. . . 0.00-

amplitudes. Right moving part (! c&= !1¢)

propagates In imaginary amplitudes. “0 = S0 e o 2 0 s A0

Simulations of QFT, Oberwolz - 08/09/23

Simon Williams - s.williams | 9@imperial.ac.uk 36



Collider Events on a Quantum Computer

Energy-energy correlation, EEC

Jet mass difference Ecys = 91.2 GeV)
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Collider Events on a Quantum Computer - Varying -

] Thrust (Ecms = 91.2 GeV) Differential 2-jet rate with Durham algorithm ( 912 GeV)
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Varying values for the mass scale - . This leads to non-negligible uncertainties, however this Is expected

from a leading logarithm model.
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Collider Events on a Quantum Computer - Varying -

uds events scaled momentum

c events scaled momentum
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Collider Events on a Quantum Computer

Thrust (Ecps = 91.2 GeV) Differential 2-jet rate with Durham algorithm (91.2 GeV)
~ 1025 = o = T T T T T T T T T
2 - —+— Acepu data (EPJC35 (2004) 457ff) - = -
= - —t— QuANTUM shower (ibm_algiers) - g 10° =
S - DQcp, A variati - -
> 1 QCD, /\ varia 1.0n. _:I"'b -
107 = DQcD, tune variation f" 3 101 E _
i . _ 1 &~ —*+— OraL data (EPJC17 (2000) 19f£f) —
1= 2 ﬁ: - —t+— QuaNTUM shower (ibm_algiers) -
— . ;— - - Dqcp, A variation -
= | 10" £ Dqcp, tune variation —
— o |
| | | | - 10 — | I I ‘ | | I I ‘ | | I T ‘ | ‘:I'
—E 1 6 — [ 1] ‘ | | R ‘ | | R ‘ | _—_I—
m - "
S = 5 1.2 F =
S by e
O = O o038 FE . o =
— 0.4 £~ =
R 0.2 R NN il —

0.95 104 103 102 10_1D )

T y23ur am

Simon Williams - s.williams | 9@imperial.ac.uk 40 Simulations of QF I, Oberwdlz - 08/09/2 3



Collider Events on a Quantum Computer - Changing tune

Mean DY multiplicity Mean K° multiplicity Mean ! O multiplicity
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Observables dominated by non-perturbative dynamics show mild dependence on the mass scale -,
but are highly sensitive to changes In the tune.
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Collider Events on a Quantum Computer
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