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Quantum-computing applications in high-energy physics

[Source: Sherpa]
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[Source: Sherpa]
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@ Is it possible?
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Quantum-computing applications in high-energy physics

— Quantum applications still in their in-
fancy!

@ Is it possible?

@ Is there a (theoretical) quantum
advantage?

[Source: Sherpa]
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Quantum-computing applications in high-energy physics

— Quantum applications still in their in-
fancy!

@ Is it possible?

@ Is there a (theoretical) quantum
advantage?

@ Is it more resource efficient than
CPU/GPU?

— Look at the example of quantum simu-
lation /integration in high-energy physics!

[Source: Sherpa]
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Computing problem in high-energy physics

—» Event generation:
~ 15% of ~ 3 billion cpuh.y™* for ATLAS

— More in: [Buckley; 1908.00167], [Valassi et al.; 2004.13687]
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https://agenda.infn.it/event/28874/contributions/170197/
https://agenda.infn.it/event/28874/contributions/169884/

Computing problem in high-energy physics
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—» Event generation:
~ 15% of ~ 3 billion cpuh.y~* for ATLAS

— More in: [Buckley; 1908.00167], [Valassi et al.; 2004.13687]
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Computing problem in high-energy physics
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—» Event generation:
~ 15% of ~ 3 billion cpuh.y~* for ATLAS

— More in: [Buckley; 1908.00167], [Valassi et al.; 2004.13687]

[

e One possible solution: GPU
— Selected references: [Borowka et al.; 1811.11720],
[Carrazza et al.; 2002.12921, 2009.06635, 2106.10279], [Bothmann et

al.; 2106.06507] —+ +

[ATLAS; CERN-LHCC-2022-005]
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@ Can quantum computing be of any use in HEP?
— to compute things faster/more efficiently?

—» to compute new things?

Mathieu PELLEN
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Cross section

—» Probability to measure scattering process

— Predictable theoretically and measurable experimentally! 2
) _ _ ox [ d®|M]

— Monte Carlo techniques with error scaling as 1/v'N
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Cross section

—» Probability to measure scattering process
— Predictable theoretically and measurable experimentally!

do|M|?
— Monte Carlo techniques with error scaling as 1/\/N 7 / M

— In general:

1 1
O'O(/ dxq / dxp f(x1,- -+, xn) ©(g(x1, -+ ,Xxn))
0 0
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Cross section

Probability to measure scattering process

. : , |
Predictable theoret.lcally ar.1d measurabl.e experimentally! o o /d¢]M|2
Monte Carlo techniques with error scaling as 1/v N

In general:

1 1
O'O(/ dxq / dxp f(x1,- -+, xn) ©(g(x1, -+ ,Xxn))
0 0

do do '
7=2 307 = 2 gy

: (%'.)
@ For a given observable O = O(x, -+ , xp): ds N *’
. w%\
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Basic of quantum mechanics

) =alo)+812) = (5).

with o2 + 82 =1
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Basic of quantum mechanics

) =alo)+812) = (5).

with o + 8% =1
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Representation

Graphical representation

Possible values of a qubit

/[ \\
0) \ 4

10) )
an
1) 4
10) )
0.707]0) +0.707|1)
10) )
0.95(0) +0.35]1)
0) m
0.707]0) - 0.707|1)
10) )
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Basic of quantum mechanics

Representation
Possible values of a qubit Graphical representation
10) 1)
) = 0y + 811y = (5
B)’ @
1) \\\ J
10) )

with o + 8% =1

0 . 0.707]0) +0.707]1)
peration = =

¥ 5y
Alp) = |¢') with A unitary

) ')

0.9510) +0.351)
10) )

0.707]0) - 0.707|1)
10) 1)
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Example of gates

Pauli-X (X)

[t

al0) +B[1) = all) +5]0)

AN
L/
Hadamard (H)

H=75 E —11]

|0)+[1) |0)—[1)
al0)+8|1) = « i + 3 7

_H_
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Example of gates

Controlled not (CNOT, CX)

1000 @
0100
X=100 0 1
0010
100) — [00); [01) — |01); D
120) — [11); |11) — |10). L/

@ If 0 nothing happens, if 1 CX!
e Control qubit (top) and target qubit (bottom)
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Grover algorithm /iteration

@ Very general quantum algorithm
o Quadratic speed up —+ O(v/N) operations instead of O(N)
@ Most famous example: unstructured database search
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Grover algorithm /iteration

@ Very general quantum algorithm

o Quadratic speed up — O(v/N) operations instead of O(N)

@ Most famous example: unstructured database search

o Examp|e (from [Johnston, Harrigan, Gimeno-Segovia; Programming Quantum Computers])
SOJOIOIOIOIOIOIOIOIOIOIOIOIOIOIO,

S RIOIOIOIOIOIOIOIOIOIOIOIOIOIOION0)

SOOIOIOIOIOIOIOIOIOIOIOIOLO0)

s

— What solution is contained in our quantum register?
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Grover algorithm /iteration pep _fip - mimor
0x1 [} Al -
i ; ; ox2 >} ! -
— Applying a Grover iteration reg | s - = on
0x8 >{HI—P-¢-B—H] {H-
Y S —— D
prep I mirror

QPP YYYOPPY
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mirror

Grover algorithm /iteration

r A
0x1 >{H] (H] (H-
— Applying a Grover iteration reg | 2 >H] {H] {H}-
0x4 >{H-—D-¢-P—1H] {H-
0x8 9 >|E—GB**@—|E {H-

rrrrr

_@@@@@@@®@®@@@@@@

— Applying it twice

@@@Q@@@@@@@@@@@@




Qua ntU m Am pl ItUde EStI mate (QAE) [Brassard, Hoyer, Mosca, Tapp; quant-ph/0005055]

AJ0) = V1 - a|Vo) + v/a|Vy)

—» QAE estimates 2 with high probability such that the estimation error scales as
O(1/M) [as opposed to O(1/v/M)]
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Qua ntU m m pl ItUde ES |mate (QAE) [Brassard, Hoyer, Mosca, Tapp; quant-ph/0005055]

AJ0) = V1 - a|Vo) + v/a|Vy)

— QAE estimates 2 with high probability such that the estimation error scales as
O(1/M) [as opposed to O(1/v/M)]
— Various algorithms/implementations available

[Intallura et al.; 2303.04945]
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Qua ntU m Am pl ItUde EStI mate (QAE) [Brassard, Hoyer, Mosca, Tapp; quant-ph/0005055]

AJ0) = VI = aWo) +/aW1)
QAE estimates 2 with high probability such that the estimation error scales as
O(1/M) [as opposed to O(1/v/M)]
Various algorithms/implementations available
Basis of quantum Monte Carlo integration and O(1/M) scaling

101 MLAE
—— QAES
1072 Can. QAE
£10- — Mc
2 IQAEcH
5§10 —— IQAEw
2
g 10-5 u. boundcy
= ---- u.boundcp
0107
1077 \
1078 N
102 104 108 108 10%° 10%2 10%4 10%

number of samples

[Grinko, Gacon, Zoufal, Woerner; 1912.05559]

Resulting estimation error for a = 1/2 and 95% confidence level with respect to the required total number of oracle queries.
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Quantum integration

Extension to
A0y = aifw;)

1

— Definition of a piece-wise function with f(x;) = a;.
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Quantum integration

Extension to

A|0) = Za,-|\ll,->

1
— Definition of a piece-wise function with f(x;) = a;.

So far used in finance for simple functions in 1D (zoufal, Lucchi, Woerner; 1904.00043]
[Woerner and Egger; 1806.06893], [Stamatopoulos et al.; 1905.02666, 2111.12509], [Rebentrost, Gupt, Bromley; Phys.Rev.A 98 (2018) 022321]

> Applicable to HEP? What are the limitations?

0.30

0.25 = /dx f(x)g(x)
0.20
0.15

0.10

Probability (%)

0.05

0.00

0o 1 2 3 4 5 6 7
Spot Price at Maturity St ($)
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Quantum integration

Extension to
A0y = aifw;)

1

— Definition of a piece-wise function with f(x;) = a;.

So far used in finance for simple functions in 1D (zoufal, Lucchi, Woerner; 1904.00043]
[Woerner and Egger; 1806.06893], [Stamatopoulos et al.; 1905.02666, 2111.12509], [Rebentrost, Gupt, Bromley; Phys.Rev.A 98 (2018) 022321]

> Applicable to HEP? What are the limitations?

030

025 | = /dx f(x)g(x)
20'20 @ In finance:
%0-15 e f: probability
© 0.10 e g: payoff
) 0.05 e In HEP:

00001 2 3 4 5 6 7 o fi|MP

Spot Price at Maturity St ($) ° g @((D - (DC)
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Integration - 2D [ete~ — qd'W with angles fixed]
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Integration - 2D [ete~ — qd'W with angles fixed]

f(x,y)

Qubits
number

Grid dim.

Si Sy
o 0[%) o 6[%]
4 4 x4 0.55 0 0.70 —4.1

5 5x5 052 —4.92|053 —26.6
6 6x6 |047 —14.1]079 9
6 7x7 062 —144|070 —=3.0
K 6 8x8 055 0 |078 76
Y
S1: matching boundary of integration
S»: no matching boundary of integration
[Agliardi, Grossi, MP, Prati; 2201.01547]
Working but control of uncertainty crucial!
0 x
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Alternative to loading - [Chawdhry, MP; 2303.04818]

M T (T T K, o, n)

e Kinematic part: made of spinors and tensors (and kinematic invariants)
e Colour part: made of SU(3) generators of QCD
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Alternative to loading - [Chawdhry, MP; 2303.04818]

M T (T T K, o, n)

e Kinematic part: made of spinors and tensors (and kinematic invariants)
e Colour part: made of SU(3) generators of QCD

e
et

o First step towards a full quantum amplitude/Monte Carlo

@ Useful for a quantum parton shower
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Colour algebra in QCD - crash course

o [T2, TP =ifp TC.
@ T2 T¢, ... SU(3) generators
o Gell-Mann matrices

coo
cor
oo ~——~

1 /0 0 —i 1/0 0 0 q

°=-l0o 0o o), T*=={0 0o 1|, T =2

2\i o o 2\o0 1 o 2
Attention! T*? are not unitary!

In our example, colour factor:

Mathieu PELLEN
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Quantum implementation of colour

o Gluon: 8 colours — 3 qubits (23)
@ Quark: 3 colours — 2 qubits (22)

Make non-unitary matrices unitary: extend dimension and modify them

0 1 0 o0 0 —i 0 o0 1 0 0 0 0 0 1 0
= 1 0 0 0 = i 0 0 0 = 0 -1 0 0 —_ 1o 0 0
1 - = — = - = -
v >lo o 0] T—2 0 o0 0]° T—2 0 o0 0]° T—2 1 0 1 of”
0 0 0 0 0 0 0 0 o0 0 0 0
0 0 —i O 0 0 0 0 0 0 1 0 0 0
—=_11o 0 o0 = 0 0 1 o0 — _ 1o o —-i o == 1 0 1 0 O
S — . 7 — 8 —
=31i o o of =30 1 0 o> =30 i o o> "=534l0 o 0
0 0 0 0 0 0 0 0 0 0 0 0
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u
g { 2o | Q Q { B, |
. q
) P . = i ) R, R;l
q

@ One-to-one correspondence between Feynman diagram and circuit

e Gates for qqg (Q) and ggg (G) vertices to simulate QCD (colour) interaction

Mathieu PELLEN
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u
g [ 2 | Q Q { 7' |
q

1 P, > S 1 ) Rq R«;l
q

@ One-to-one correspondence between Feynman diagram and circuit
e Gates for qqg (Q) and ggg (G) vertices to simulate QCD (colour) interaction

=
11
TTT

= |«

Q
TTTTTT

!
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u
g { 2o | Q Q { B, |
q

) P N = i R, R;l
q

@ One-to-one correspondence between Feynman diagram and circuit

e Gates for qqg (Q) and ggg (G) vertices to simulate QCD (colour) interaction

s
1
TTT
=
]
TTT

Q
TTTTTT
I
Q
N
]
Q
TT

<
s

LI

TTT

N
L1l

TTTT

b H‘ ‘H
<
1
TTTT
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u
g [ 2y | Q Q { 7, |
q
7 ' . = 7 R, R-1
q
Nops Nops

(Qly [T {Blan)A} 1Q)y =[] «i
i=1 i=1

= = 914 E @ 7@ -
= = g2 = @
o = o = 5 — -
G = G Iel = q B(”)
93— — 935 E a,b,c: fobe£0 @ . =
i E W3 E o m—_
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(real-life) Example

Lo L Ho Ko fu]
- NN iy
U’_‘
- I "
I I T m o
21 reny T e = —» Trace defined in |[00000000000) = |011)

I

alls o T I state: |¢) = C 011) + ...
(- T |27>415 w|0w)

- b Nihora=1000000
o 1’ U

C _ (Nc:3)CF

99 e [l
» W= =T
ato 0 Mo T w N N:_’q (Ng—l)"g71

7 8 ° 00 1256 3 4

s, w0 COloUr factors encoded in one single

0110': 1051, 1 638, ' o0a, 1057, ': 52353, ‘000100 t t d d f AE

Totse o0 oot oo, oot s oo 1. soreemor o, ‘e State (as needed for

oemessome s, mmasonin - e emmisoninn | s amesonnie - o mesonens- . — Any colour factor computable
000001': 1092, '00100000010': 7010}
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Quantum Monte Carlo in high-energy physics

@ Is it possible?
— Yes.
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Quantum Monte Carlo in high-energy physics

@ Is it possible?
— Yes.

@ Is there a quantum advantage?
— In principle, yes. In practice for now, no.
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Quantum Monte Carlo in high-energy physics

@ Is it possible?
— Yes.

@ Is there a quantum advantage?
— In principle, yes. In practice for now, no.

@ Is it more resource efficient than CPU/GPU?
— At the moment, not known.
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Road map for quantum Monte Carlo

@ Reliable error estimate
Taking into account binning effects / multi-dimension integrand
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Road map for quantum Monte Carlo

@ Reliable error estimate
Taking into account binning effects / multi-dimension integrand

@ More natural definition of objects to be computed
Example of colour algebra
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Road map for quantum Monte Carlo

@ Reliable error estimate

Taking into account binning effects / multi-dimension integrand
@ More natural definition of objects to be computed

Example of colour algebra

o Estimate of resources needed for actual computation on near-term quantum
computers (scaling, noise, connections, ...)
collaboration with QUANTINUUM (Cambridge, UK)
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Road map for quantum Monte Carlo

@ Reliable error estimate
Taking into account binning effects / multi-dimension integrand

@ More natural definition of objects to be computed
Example of colour algebra

o Estimate of resources needed for actual computation on near-term quantum
computers (scaling, noise, connections, ...)
collaboration with QUANTINUUM (Cambridge, UK)

@ Can there be quantum advantage for event generation? [sravo-Prieto et al; 2110.06933]
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Back-up slides

BACK-UP
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Reviews

o [Gray, Terashi; Gray:2022fou] (Selected tOpICS)
@ [Delgado et al.; 2203.08805] (SnOWmaSS)

@ [Kico et al.; 2107.04769] (Iattice)

Selected references

("] AmpIitude/Ioop integrals: [Ramirez-Uribe et al.; 2105.08703], [Bepari, Malik, Spannowsky, Williams; 2010.00046],

o Parton ShOWer: [Bauer, de Jong, Nachman, Provasoli; 1904.03196], [Bepari, Malik, Spannowsky, Williams; 2010.00046],
[Williams, Malik, Spannowsky, Bepari; 2109.13975], [Chigusa, Yamazaki; 2204.12500], [Gustafson, Prestel, Spannowsky, Williams;
2207.10694], [Bauer, Chigusa, Yamazaki; 2310.19881]

(] MaChIne |eal’ning: [Filipek et al; 2105.04582], [Bravo-Prieto et al; 2110.06933], [Alvi, Bauer, Nachman; 2206.08391]

o Others: [Ciavarella; 2007.04447], [Perez-Salinas, Cruz-Martinez, Alhajri, Carrazza: 2011.13934], [Bauer, Freytsis, Nachman;
2102.05044], [Martenez de Lejarza, Cieri, Rodrigo; 2204.06496], , [Martenez de Lejarza et al.;

2401.03023], [Cruz-Martinez, Robbiati, Carrazza; 2308.05657]
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Loading of distribution / encoding into qubits

Encoding the distribution to be integrated into qubits
o Exact |0ading [Shende, Bullock, Markov, quant-ph/0406176] (reSOUrce intensive)

@ Using quantum machine learning (qGAN) (zoufal, Lucchi, Woerner; 1904.00043] (NOt exact)

o Example: Exact loading - 1+ x?

Distribution

w—(1+x72)*3/8
0.175 = simulation

0.150
0.125
X 0.100
a
0.075
0.050

0.025

0.000

— 3 qubits: 23 = 8 bins
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Quantum Amplitude Estimate (QAE)

[Brassard, Hoyer, Mosca, Tapp; Quantum Amplitude Amplification and Estimation]

Alo) = VI = alWo) + Valwy)

QAE estimates 2 with high probability such that the estimation error scales as O(1/M)
[as opposed to O(1/v/M)]

M: number of applications of A
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Quantum Amplitude Estimate (QAE)

[Brassard, Hoyer, Mosca, Tapp; Quantum Amplitude Amplification and Estimation]

Alo) = VI = alWo) + Valwy)

QAE estimates 2 with high probability such that the estimation error scales as O(1/M)
[as opposed to O(1/v/M)]

M: number of applications of A

What the (orignal) algorithm provides:
© An estimate: & = sin?(6,)
with 6, = yn/M, y € {0,...,.M — 1}, and M = 2"
@ A success probability (that can be increased by repeating the algorithm)
@ A bound: |a—3| < O(1/M)

Mathieu PELLEN Quantum computing for high-energy physics simulations



Applications

e e e — qq(in QED)

1 2w
o~ / / d cos 0d¢ (1 + cos? 0)
0

-1

e ete” — qq'W

Max

s s; 1 2 27 5
g N/ / / / / d¢3 ‘Me+e_—>qé’W
M\%V 0 —-1J0 0

s siwax N 5
~ / / Aoz M|
M&V 0

with M’ = Me*e‘—)qc‘]’W (COS 01 =0, 1 = 7['/2, o = 71'/2).
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Integration - 1 + x?

e Matching boundary of integration (3 qubits = 23 bins)

Domain low stat. high stat. very high stat. exact

0[%] o 0[%] o 0[%) o 0[%)|
[-0.75:0] | 0.345 —3.31| 0.332 0.706 | 0.334 0.0331 | 0.334 —831x1073
[-0.5;0] | 0.215 —5.86| 0.201  1.15 | 0.203 0.0986 | 0.203 —0.0161
[-0.25:0] | 0.112 —17.1 | 0.0939 1.87 | 0.0960 —0.284 | 0.0957 —0.0389

@ Non-matching boundary of integration
[—0.7;0.6] [—0.625;0.375]

Qubits number high stat. exact high stat. exact

o 0% o o[%] o 0% o 3%

0.402 —28.0 | 0.406 —27.1 | 0.296 —28.1 | 0.299 —27.5

0.463 —17.0 | 0.468 —16.0 | 0.408 —1.07 | 0.412 5.96 x 1073
0.527 —5.46 | 0.532 —4.62 | 0.408 —1.07 | 0.412 5.96 x 1073
0.542 —2.76 | 0.547 —1.81 | 0.408 —1.07 | 0.412 5.96 x 1073

SO W
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B = (VI ) @

al0)+/I—]al2|l) ifk=0

B(a)Alk) = { |k +1) if0< k<2M —1 (2)
V1I—]a2|0) —all) if k=2M 1
(QlyB()AIQ)y, = (3)
Nops Nops
(Qly [T {BleAY 12y, = [[ o (4)
i=1 i=1
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