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Discrete Gate Quantum Computing

Single qubit gates Superconductor QCs Qubit model:
\ T~
0) — H [— X —¢ H ~ 0 0
o7 l —~ | = CL \w)zcosz\())+e’¢s1n5\1)
0 6 !
0) >—& \\ +—
Advantages: Single qubit gates:
- Highly controllable qubrts —Us |— U,|0) - cos 4 10) + e sinﬁ\ 1)
- Universal computation 2 2

Multi-qubit gates:
CNOT|00) — |00),CNOT|[10) — |11),
CNOT|01) - |01), CNOT|11) — |10)

Disadvantages:

- Small number of qubits, not very fault
tolerant

D
¢V
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Fvent 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 i1s highly complex

(O Hard Interaction
® Resonance Decays

B MEGs, Matching & Merging

B FSR
Monte Carlo Event N ot
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 M 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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Fvent Generation - What's the problem!?

Phys. Rev. D 103, 03402/
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Phys. Rev. D 103,076020
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Fvent Generation - What's the problem!?

Phys. Rev. D 103,076020
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Fvent Generation - What's the problem!?

>
>
> ______ < >
Phys. Rev. D 103, 0/6020
>
Phys. Rev. D 106, 056002
Phys. Rev. D 103, 03402/ Phys. Rewv. Lett. 126, 06200 JHEP 11 (2022) 035
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Fvent Generation - What's the problem!?
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The Parton Shower

Soft mode:
! pi =0

-

_eading contributions to the decay rate in the collinear

Interference eftects only allow for

j partial factorisation

mit are included in the soft IImit

Collinear mode:

B | In this imrt, the decay from high energy to low energy

[/ . = .= (1 —2)P .
E— P b, p=U1-2) proceeds as a colour-dipole cascade.

Successive decay steps factorise into . . .
) >R This interpretation allows for straightforward

iIndependent quasi-classical steps . .
P X P interference patterns and momentum conservation
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The Parton Shower - The Veto Algorithm

The choice of the variables & and ¢ is Non-Emission Probability

known as the phase space Fode on 2si(t6)
A(t,, t) =exp | — [ dtdée—LC = A
parameterisation (bn, 1) = p( / 27" 2r sij (1, 8) 8k (t; €)

t

F(®n,tn,te; O) = Aty te)O(Pn) Master Equation

tn

do oas  28;(t,€) |
n / dtdé 7 —C 7> NG §)A(tn,t)JTn(qan,t,tc,O)

te

Inclusive Decay Probability Current interpretations of the veto

dsi; dsj o5 281K algorithm treat the phase space variables

C
SIK SIK 2T SijSjk ¢ and t as continuous

dP (q(p1)q(px) — q(pi)g(pj)a(pr)) ~

Simon Williams - simon.j.williams@durham.ac.uk 9 Corfu Summer Instritute - 24/05/24



Al
¥ Durham

University

A,

Quantum Parton Shower

G. Gustafson, S. Prestel, M. Spannowsky and S. Williams, Collider Events on a
Quantum Computer, J[HEP || (2022) 035, arXiv:220/.10694
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G. Gustafson, S. Prestel, M. Spannowsky and S. Williams, Collider Events on a
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Discrete QCD - Abstracting the Parton Shower Methoc

. Parameterise phase space in terms of gluon transverse

momentum and rapidity: %=ln£ki/A2>
e 1 .
STK Sjk

< > U

which leads to the inclusive probabllity:

Ca
dP (q(p1)a(px) = ¢(pi)g(p;)a(pr)) ~= : drdy
k2 | |
where k=In (F) and A 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 Methoc

2. Neglect g — ¢gq splittings and examine transverse-

. , — ] k2 A2
momentum-dependent running coupling A
127 1
O‘S(ki) —
33 — 2n; ln(ki/AQQCD) . 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:

Gluons within 5y, act coherently L
—
as one effective gluon EE ﬁt& % E E E

0Yg
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Discrete QCD - Abstracting the Parton Shower Methoc

2. Neglect g — ¢gq splittings and examine transverse-

. , — ] k2 A2
momentum-dependent running coupling A
127 1 const.
s (k1) = =
33— 2ns(ln(k? /A]cp)) K . 9

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:

Gluons within 5y, act coherently L
—
as one effective gluon EE ﬁt& % E E E

0Yg
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Discrete QCD - Abstracting the Parton Shower Methoc

Folding out extends the baseline of the triangle

to positive y by Y where [ is the height at which

to emit effective gluons

A conseguence of folding Is that the k axis Is quantised into

multiples of 20y,

Fach rapidity slice can be treated independently of any other

slice. The exclusive rate probability takes the simple form:

dr ( 7” d/i) drs
— EXP — — —
K K Kmax

aY

NN
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Discrete QCD as a Quantum Walk

The baseline of the grove structure The groves can be constructed
¢ o\ contains all kinematics information

. and enumerated to achieve an

For LEP data there are 24 unique grove efficient sampling algorithm for the
structures for Aqcp € [0.1,1] GeV dipole shower

(0) m@ (P) /\@ (Q) CL

¥ g 'l

~N_ F — J — J — > ~_ F — J — v — > ~N_ F — J — J —

(U) h@/ﬁ (V) m@ (W) CL

e 3y 'y

~N_ F ~— J — J — ~N_ F ~— J — J — > ~N F — J — J — >
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G. Gustafson, S. Prestel, M. Spannowsky and S. Williams, Collider Events on a
Quantum Computer, J[HEP || (2022) 035, arXiv:220/.10694
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The Quantum Walk
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The Quantum Walk

0) 1)
0.10
\/_\ /_\/ —— Classical
O @ O (O

r=-—-2 rxr=—1 =0 x=1 T = 2

0.08

0.06 C

Probability

O
o
=

0.02 -

0.00

-100  —75 —50 _25 0 25 50 75 100
Position
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The Quantum Walk

0) 1)
0.10
\/_\ /_\ —— Classical
O @ O (O
r=—-2 rx=-1 =0 x=1 x=2 008
2 _
0.06- O, = N
Z
:50.04-
Coin
Operation: e
|
C‘O>=—(‘O>+|1>) 0.00
2
\/_ ~100 =75 ~50 —25 0 25 50 75 100
Position

Corfu Summer Institute - 24/05/24
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The Quantum Walk

0) 1)
\/_\ /\/ o0 Classical
O o O (O
r=-—-2 r=-—-1 zz=0 xx=1 zx=2 0.08.
Hp=1{li):i€”Z} . c>=N
H=HcQHp >

:§0.04-

Coin
Operation: o

1
Cl0)=—=(10+11)) o
\/z ~100 -75 ~50 —25 P 0 25 50 75 100
osition

Simon Williams - simon.j.williams@durham.ac.uk 17 Corfu Summer Instritute - 24/05/24



The Quantum Walk

0) 1)
\/_\ /\ o0 Classical
O @ O (O
r=-—-2 r=-—-1 zz=0 xx=1 zx=2 0.08.
Hp=1{li):i€”Z} . c>=N
H=HcQHp >
Zc=1{10),]1)} -
§o.04-
Unitary Coin
Transformation: Operation: 002
1
U=S(C®D  Cloy=—(10+1)) oo
\/z ~100 -75 ~50 —25 P o 25 50 75 100

Corfu Summer Institute - 24/05/24
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The Quantum Walk

0) 1)
\/_\ /\ o0 Classical
O ‘ O % 02 ~ N2 Quantum
r=-—-2 r=-—-1 zz=0 xx=1 zx=2 0.08- 1
Hp={li):ieZ) o; =N
H=HcQHp 2
Zc=1{10),]1)} -
§0.04-
Unitary Coin
Transformation: Operation: 002
1
U=S(C®D  Cloy=—(10)+]1)) o0
\/5 ~100 -75 ~50 ~25 P o 25 50 75 100

Corfu Summer Institute - 24/05/24
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Discrete QCD as a Quantum Walk

o pof @ 1 The Discrete-QCD dipole cascade can
T DN therefore be implemented as a simple

Quantum Walk

(U) f@/ﬂ (V) f@ (W) CL
A B
o Shift .. Memory
A BEH S =)
o 5 —
, €) C : l !
] M

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

Repeat for all slices in fold
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Generating Scattering Events from Groves

Once the grove structure has been selected, event data can be synthesised In the following steps using

the baseline:

|. Create the highest k effective gluons first (l.e. go from top to bottom Iin phase space)

2. For each effective gluon j that has been emitted from a dipole /K, read off the values s;;, s and s

from the grove

3. Generate a uniformly distributed azimuthal decay angle @, and then employ momentum mapping (here
we have used Phys.Rev. D 85,014013 (2012), | 108.61/2 ) to produce post-branching momenta

he algorithm has been run on both the iIbm_gasm_simulator and the ibm_algiers 2/ qubit device.

A like-for-like classical implementation has been used as a comparison.

Simon Williams - simon.j.williams@durham.ac.uk 20 Corfu Summer Instritute - 24/05/24


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.85.014013

Discrete QCD as a Quantum Walk - Raw Grove Simulation

£ L B B L L B B B N The algorithm has been run on the
£ ) Classical
S .12 T {  ibm_algiers (27 qubit) _ IBM Falcon 5.11r Chlp
”8 I ibmg_qgasm_simulator
a
o | The figure shows the uncorrected
sl BEEAE AEe : | performance of the ibm_algiers
- i
I : device compared to a simulator
0.06 _
I3 1
: : he 24 grove structures are generated
0.04f _ |
. fora Eqyy = 91.2 GeV, corresponding
3 ¥ T ¥ | -
0.02- - “EES oo EpEoms 1 to typical collisions at LER
| | | | | | | | | | | | | | | | | | | | | | | | :
W BCDEFGHI!I JKLMNOPQRSTUVWX 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)
~ | _| m :IIIIII‘ | | ||||||‘ | | ||||||‘ | | ||||||‘ ]
g ~  —4— Aceprn data (EPJC35 (2004) 457£f) i 3 - S i -
T gt Dqcp shower M= S 102 E + -7-|; —=
> E — QUANTUM shower (ibm_algiers) :FA*;#Q E © = 4 IL-II -
> = = - N
B —o— - i | -o- |
- - 10" = ™ . =
E ° =T E aghing +_.. |
: j : 1 = _E
o—1 | - —¢— OpraL data (EPJC 17 (2000) 19f£f) %ﬁ_ -
- - 5 —— Dqcp shower —
—* N 10~ 1 E —— QUANTUM shower (ibm_algiers) _
i i - +*
101_.§;_" —_ ""_; 1.4; HH} IIIHH} | IIIHH} | IIIHH} If
1.6 = — 1.3 E M=
g 1.4 = — g 12 = — =
1.2 = 1.1 = £
g é ; ¢ -———e ° —o ’;;gﬁ;ﬁ:ji‘—&-g S 0; 3—0—+‘—%M—+—+—+—+—+—+—+—++€
0.8 = . — 9 E ——— £
= 06 &= — = 0.8 E | _—  E
O°2:||‘|||I‘||II‘||||‘||||‘||||‘||||‘|||I: 8g§ ||||‘ | | ||||||‘ [ _L'—I_II_IIIIII‘ I_::F

0.65 0.7 0.75 0.8 0.85 0.9 0.95 104 103 10 2 10 °
T yDurham
23
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Quantum Charged Track Finding

C. Brown, M. Spannowsky, A. Tapper, 5. Williams and |. Xiotidis (2024) Quantum pathways Imperial College
for charged track finding in high-energy collisions. Front. Artif. Intell. /7:1339785. London

arXiv:i2311.00/66



https://arxiv.org/pdf/2311.00766.pdf

[rack Finding via Associative Memory

A critical stage of event reconstruction and

classification In modern colliders Is the 1dentification
of charged particle trajectories

Possible
Tracks

Highly granular detectors are used to efficiently

measure the position of charged particles as
they move through the detector

Silicon Layer t Classical techniques like Associative Memory
have been shown to be highly effective, but

/ new approaches are required as collider energy
Primary Vertex and luminosity increase to handle the growing
number of tracks and combinatorics
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Quantum Amplitude Amplification

The aim is to identify interesting states in a database
w) X = {xy, X1, . .., Xy} With interesting states m; encoded

L on a quantum device as |s) = &/ | 0)®"

Marking interesting states, | m) using the oracle

1 fx=m
— ’ —l SAx)y= (-1 J(x) X
/) {O otherwise. I = (D)

Amplify marked states using the diffusion operation:

/
Therefore, can rteratively apply the Grover Iterator:
Q = A'SydS;
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Quantum Amplitude Amplification

The aim is to identify interesting states in a database
w) X = {xy, X1, . .., Xy} With interesting states m; encoded

L on a quantum device as |s) = &/ | 0)®"

Marking interesting states, | m) using the oracle

1 fx=m
— ’ —l SAx)y= (-1 J(x) X
/) {O otherwise. I = (D)

Amplify marked states using the diffusion operation:

- |s')
) Therefore, can rteratively apply the Grover Iterator:
| s) = [n—1) _ gt
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Quantum Amplitude Amplification

The aim is to identify interesting states in a database
w) X = {xp, X, ..., Xy} with interesting states m; encoded

L on a quantum device as |s) = &/ | 0)®"

Marking interesting states, | m) using the oracle

1 fx=m
— ’ —l SAx)y= (-1 J(x) X
/) {O otherwise. I = (D)

Amplify marked states using the diffusion operation:

/
Therefore, can rteratively apply the Grover Iterator:
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Quantum Amplitude Amplification
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Quantum Amplitude Amplification

Repeat t-times

The Op-Uma‘ ﬂumbel” Of iteratiOﬂS Of the QAA OracleD1ffuser ______________________
routine @ is given by 0) ' .
0)
{ﬂ' N J | A o Se A [ S| | A
L= 1"\ | -
4 m 0) . $
After t iterations of @, measurement wil

return a marked state with high probability Oracle C cructi
racle Construction

Consider a t bit e wh 11) is th
QAA therefore scales as @(\ﬁ\’),thus onsider a two qubit example where | 11) is the

achieving a polynomial speedup over

classical search algorithms, which scale as T S, 1@ 10)(0]+Z® [ 1)(1]
O(N) L2

marked state
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Quantum Template Matching

Repeat t-times

The perform template matching, we must — 1 0
abstract the QAA routine by constructing \d>4_:— A, |
a new oracle Bl 2
________________ Diffuser . |
Introducing a new data register and acting | | | “ u : a
the oracle across two registers allows for | | | S E S A o s Ma f7<
data to be parsed directly to the | 5 - N
algorithm L . < 1 S N B 17
he oracle is constructed from a series of The diffusion operation then has the same form
CNOT gates and a phase inversion about as the regular QAA routine
the zero state on the template register Q= A'S A \Y
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Quantum lTemplate Matching for lrack Finding
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Quantum Track Finding with Missing Hits

A primary challenge for track finding algorithms
IS when a particle traverses a detector without

registering a hit iIn one or more detector module

An Associative Memory approach to track
finding cannot manage missing hit data

Modifying the oracle allows for the
quantum template algorithm to efficiently search

on missing hit data, without an increase in
resources and retaining the high accuracy
and speedup
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Quantum Track Finding with Missing Hits

-
o

O
©

O
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o
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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

We present an efficient approach to track finding using quantum

computers by exploiting the QAA routine and employing a novel
oracle paving the way for practical quantum track finding
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Noisy Intermediate-Scale Quantum Devices

NISQ devices: Quantum errors:

Mutliqubit qubit gates: CNOI gates have
higher associated errors than single qubit gates.

No continuous quantum error

correction, prone to large noise

effects from environment.
SWAP errors: S\WAP operations require 3

CNOT gates

Transpilation:

T 1 times: [ he time 1t takes for an excited

Loading the circurt onto the backend, transpilation
can be used to optimise the circurt: qubit and
coupling mapping, hoise models, etc.

qubrt to decay back to the ground state.

Circuit depth! - Compact circurts needed!
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Speed up via Quantum Walks

Quantum Walks have long be conjectured to 1.0
achieved at least quadratic speed up

Classical
Quantum

0.8

Szegedy Quantum Walks have been proven to
achieve quadratic speed up for Markov Chain
Monte Cario

o
o

Probability

©
N

This has been proven under the condition that the

MCMC algorithm is reversible and ergodic 0.
Work is ongoing to prove this is true for all QWs, 0.0
but latest upper limits are on par with classical RW 100 =35 50 =35 ¢ 5 S0 75 100

Position

Simon Williams - simon.j.williams@durham.ac.uk 34 Corfu Summer Instritute - 24/05/24



Quantum Walks with Memory

———— T """""""""" — Qubit model:
p) {— —— T Augment system further by adding an additional
— 19 I P memory space
1 e H=Hp QK QI
Advantages: Quantum Parton Showers:
- Arbitrary dynamics Quantum Walks with memory have proven to be very
- Classical dynamics in unitary evolution useful for quantum parton showers.
Disadvantages:

K. Bepari, S. Malik, M. Spannowsky and SWV, Phys. Rev. D
- [1ght conditions on quantum advantage 106 (2022) 5,056002
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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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Collider Events on a Quantum Computer

Energy-energy correlation, EEC Jet mass ditference (Ecys = 91.2 GeV)
W) - I I I ‘ I I I I ‘ ] a T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T L [ E
[ - . = m ]
= ~ ~ 2 10! i|=_= IE
i - 3 - o -
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- —— QUANTUM shower (ibm_algiers) ] o1 ;_ —— _;
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1.4 = —= 1.4 é_ _é
s 12 = 5 13 E =
j L1E = = =
Q 1 @ = Q 1 ~o—+eo—e—o—o—0—0—>o ° ° ¢ + +——
U 0.9 E 35 U 0.9 E | — =
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8g g_ | | ‘ | | | | ‘ | _g 8g §_| [ ‘ [ O ‘ [ O ‘ [ O ‘ [ O ‘ [ O ‘ [ T ‘ | |_§
-1 -0.5 0 0.5 1 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
COS X Mp

Simon Williams - simon.j.williams@durham.ac.uk 37 Corfu Summer Instritute - 24/05/24



Collider Events on a Quantum Computer - Varying A

. Thrust (Ecms = 91.2 GeV) Differential 2-jet rate with Durham algorithm (91.2 GeV)

~ 10” E 3

Z -~ —+— Aceru data (EPJC35 (2004) 457ff) . g e -
% - —+— Dqcbp, nominal T z 102 = ]
> -~ ------ Docp, A = 0.3 GeV ] S - =
— 10" == --4--- DQcp, A = 0.5 GeV = = = i
E —+— Dqcb, Dire tune = - 101 ; =
-~ —+— Docp, Monash tune = — - .
L = 4 1 - —+— Orar data (EPJC17 (2000) 19ff) -
= - - —+— Dqcp, nominal E
S em— - - ------ Docp, A = 0.3 GeV -
i i 100" E- ------ Docp, A = 0.5 GeV =
1 -~ —+— Daqcp, Dire tune e
10 — — - | |
- | [ I [ I [ I [ I L1 = 10 2 = bacp, Monash tune =
16 = = TR e R LT e e T e S o B N K
. E— _E 1.6 :E : X )
S 1.4 — - = 1.4 — ; -E
e . — L © [— ]
D — L = -E; 1.2 — —]
~ 1= D 1 E -
9 - ~ = £
S _3 O 08 E =
= > 0.6 C 5
= 0-4 £ —
0.2 & |||||||| |||||||| |||||||| —

T 10 4 10 3 10~ * 10 1
Durham

Y23

Varying values for the mass scale A.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 A

uds events scaled momentum ¢ events scaled momentum

X& 103 [T 1 | [T T 1 | [T T 1 | [T T 1 | [T T 1 | [T 1T 1 | [T T 1 E }ﬁ& 103 [T | [T T 1 | [T T 1 | [T T 1 [T T 1 [T T 1 [T T 1 E
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N 1L _ N 1L _
— 107 = | = — 107 - =
- s - - = -
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- —+— Docb, Monash tune 7 - —+— Docb, Monash tune ]
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Varying values for the mass scale A.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

Thrust (Ecps = 91.2 GeV) Differential 2-jet rate with Durham algorithm (91.2 GeV)
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Collider Events on a Quantum Computer - Changing tune

Mean D° multiplicity Mean K° multiplicity Mean 71’ multiplicity
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Observables dominated by non-perturbative dynamics show mild dependence on the mass scale A,
but are highly sensitive to changes In the tune.

Simon Williams - simon.j.williams@durham.ac.uk 4 Corfu Summer Instritute - 24/05/24



