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Higgs coupling
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A gap between
expected
experimental
accuracy and
extrapolated
theoretical
predictions
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expected relative uncertainty

An iImperative need to advance
theoretical predictions for
high-energy colliders beyond
the current state of the art, to
match precision measurements
and unlock future discoveries



Quantum Computing for Particle Physics: Closing the Precision Gap
THE PRECISION PROBLEM F

o QUANTUM Challenge 1: Ensuring Causality in Calculations

ALGORITHMS
AS THE SOLUTION £ >w< ><a><
o<

o/

o

Quantum algorithms based on Grover's search
efficiently find valid physical configurations.

A widening gap exists between
experimental accuracy and
theoretical predictions.

P

PRECISION

Challenge 2: Calculating Complex Integrals

New quantum integration methods can soive multi-
dimensional probiems challenging for classical computers.

Higgs Coupling
Uncertainty

9.0%

COMPARISON
CLASSICAL QUANTUM ADAPTIVE

Unlocking Discoveries
We need more powerful

VEGAS IMPORTANCE calculation methods to unlock
A . ASAMPUNG (QAIS) future discoveries from
T f collider data.
P> »

Quantum Adaptive Importance Sampling
(QAIS) achieves lower uncertainty than
the classical VEGAS algorithm.

For many Higgs boson interactions,
theoretical errors are the largest
source of uncertainty.

A NotebooklLM
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The complexity under the hood
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why do we need Quantum Integration / Sampling?

O The accuracy of theoretical predictions relies on properly considering loop
quantum fluctuations - particles momentarily appearing /disappearing in the
vacuum - at high perturbative orders.

O Each loop adds dimensions to the loop integral

O Each radiated particle contributes with extra dimensions to the phase-space
o Complexity grows exponentially with dimensionality

© Quantum is the most natural approach for sampling = event generation




The Loop-Tree Duality LTD: vacuum amplitudes

the Euclidean space of the ﬂ(A) N H oD — oM
loop three-momenta -~ — D
1112 2RI
_ i _ +) —
on-shell energies ’Iiliz---in — Z ZE’ ) — \/ql n m — 10
States with external particles are

. generated from residues (cuts) over
é causal propagators 1/4; ; ...; involving
S A both initial and final-state particles
w Vacuum amplitudes are intrinsically IR finite and

threshold free: local cancellation of singularities
IC between phase-space residues, hence no artificial

separation between loops and trees, and d = 4

@ S. Ramirez Uribe, P.K. Dhani, G.F.R. Sborlini, GR,
O "Rewording theoretical predictions at colliders
m) with vacuum amplitudes,” PRL133, 211901 (2024)
O
3



https://inspirehep.net/literature/2775063
https://inspirehep.net/literature/2775063
https://doi.org/10.1103/PhysRevLett.133.211901

The Loop-Tree Duality LTD: vacuum amplitudes
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S. Ramirez Uribe, P.K. Dhani, G.F.R. Sborlini, GR,
"Rewording theoretical predictions at colliders
with vacuum amplitudes,” PRL133, 211901 (2024)
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https://inspirehep.net/literature/2775063
https://inspirehep.net/literature/2775063
https://doi.org/10.1103/PhysRevLett.133.211901
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https://doi.org/10.1007/JHEP01(2025)103
https://arxiv.org/abs/2404.05492

Martinez de Lejarza, Grossi, Cieri, GR, IEEE QCE2023 [2305.01686]
QUANTUM INTEGRATION OF LOOP FEYNMAN INTEGRALS Martinez de Lejarza, Cieri, Grossi, Vallecorsa, GR, PRD 110, 074031 (2024)

Quantum Fourier Iterative Amplitude Estimation (QFIAE)

O Integration of multidimensional
CLASSICAL functions
MONTE CARID O Quantum Moc.h.ine .Lecrning +
Grover's amplification

O Fourier series using a Quantum

QUANTUM FOURIER o\ o
3 ITERATIVE AMPLITUDE )dx Neural Network (QNN)
E ESTIMATION (QFIAE)
A . .
O . O Integrates each trigonometric
5 10— [ component using Iterative
T . . Quantum Amplitude Estimation
o 10y~ NETWORK : . (IQAE) [Grinko, Gacon, Zoufal, Woerner, npj
: QI 7, 52 (2021)], A variant of Grover’s
¥ algorithm
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https://www.nature.com/articles/s41534-021-00379-1
https://www.nature.com/articles/s41534-021-00379-1
https://doi.org/10.1109/QCE57702.2023.00071
https://arxiv.org/abs/2305.01686
https://doi.org/10.1103/PhysRevD.110.074031

INSTITUT DE

Decay rate of Higgs boson /  Fit&ww
photon / toy-scalar at NLO
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https://inspirehep.net/literature/2830427
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QUANTUM INTEGRATION OF DECAY RATES AT NLO

Tec h n icq I d ell.q i IS Decay 2m/+/s Hardware Simulator DREG

d = dp(¢) 0.0 —0.0061(28) 0.0023(5) 0.0000
0.1 —0.0055(31) 0.0040(6) 0.0018
0.2 —0.0016(30) 0.0011(6) 0.0065

U390 foo- 7o) ¥ V3% Fi0 o) 0.3  0.0101(56) 0.0205(11) 0.0167
Us(@1:Borno01) B Uyt i1 70) - » 0.4 0.0333ES5§ 0.043%15% 0.04?2
1 — qq(g 0.0 0.0911(61) 0.1034(13) 0.10
Vs hox 1)) Vs %2 Fi2712) 0.1  0.1009(83) 0.1169(14) 0.1204
Us(@0 3 Boss 703 : Uy(@ti5. B3 1) 0.2 0.1288((85)) 0.1455E14§ 0.1486
0.3 0.1847(135) 0.1941(20) 0.1928
V3% Fosr Tod > Vs P 159 0.4 0.2431(104) 0.2513(30) 0.2730
- Us(@ 5> Bo5» Yo3) Uy(i5. fi5.7:5) - v* —qg(g) 0.0 0.0029(96) 0.0161(14) 0.0190
= 0.1  0.0068(74) 0.0205(13) 0.0215
o Initial L 1
n nitiat Layer Encoding Trainable Layer 0.2  0.0191(50) 0.0293(13) 0.0313
x 0.3 0.0535(103) 0.0609(20) 0.0547
© 0.4 0.0971(171) 0.0979(30) 0.1140
w O Pennylane to construct and train the QNN (6-qubit Ansatz), 20 layers
O IQAE module implemented with Qibo on quantum simulators, and with Qiskit on a real hardware
1 (5 qubits), executed on the 27-qubit IBMQ superconducting device ibmg_mumbai
le
O error mitigation: pulse-efficient transpilation, error suppression Dynamical Decoupling (DD)

within the circuit execution and error mitigation Zero Noise Extrapolation (ZNE) to the output
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VEGAS

Lepage, J. Comput. Phys. 27 (1978) 192
Lepage, J. Comput. Phys. 439 (2021) 110386

Adaptive Importance Sampling

.
-
G- -
: I

0.0 0.2

Classic VEGAS

(.25

YEGAS+4

J J(x)dx EJ J(y) f(x(y)) dy
@) [0,1]¢

I(VEGAS)

N
(VEGAS) = — Z J() fx(y)

O Adapts a grid to concentrate samples in
regions of high variance

O The size of the grid grows exponentially
with dimensionality

O A separable grid: each dimension divided
iInto intervals of varying widths independently

DOF: (Ng)d —d-N,

O Makes the grid tractable in a classical
computer but generates phantom peaks


https://www.sciencedirect.com/science/article/pii/S0021999121002813
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Pyretzidis, Martinez de Lejarza, GR, 2506.19965

QAIS - Quantum
Adaptive Importance
Sampling

O Leverage a Parametrized Quantum Circuit
(PQC) to construct a Probability Density
Function (PDF) that accurately approximates
the target function

O Reduce the number of function evaluations by
efficiently allocating samples in the
Infegration domain


https://arxiv.org/abs/2506.19965

WORKFLOW Pyretzidis, Martinez de Lejarza, GR, 2506.19965

Quantum Adaptive Importance Sampling (QAIS)

I! Stage 1 L Stage 2 E Stage 3
Encoding State Preparation II.;.W Integrand Estimation
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- - - - A PQCs frained (e.g. as a Quantum Measurements are performed on the
> chhe d-.dlrﬂedl’.]3|onq.| ln;rlegr:l’non Circuit Born Machine) to generate o optimized PQC Thepfrequency of
u moqchl:dlsimlsc;‘s ’l/lze uI:i: Hilbert quantum state |y). The training outcomes determines the number of
i ) qiz coch of the ;n ObJeCT'Ye_ !S To mgke ﬂzwe measurement samples (V) allocated to each grid cell
P .T i onal basis stat probabilities | {j|w) |~ match the A dedicated statistical framework,
- CO?QPU Snlccj):?o Oaslseiigce id cell structure of the target integrand f(x). adjusted for guantum measurements is
corresp P J ' This shapes the proposal PDF used to calculate the integral estimate

and Its variance.



https://arxiv.org/abs/2506.19965

QUANTUM ADAPTIVE IMPORTANCE SAMPLING (QAIS) Pyretzidis, Martfinez de Lejarza, GR, 2506.19965

Parametrized Quantum Circuit
X Layers
10) -z
%c { I;) :

10)
4 { ;
10)

2

all-to-all connectivity approach with two-qubit gates and

Us(ay, 1 71)
' single qubit gates

Ui By -
3(% i 1) Performs much better than Hardware Efficient Ansatz (HEA)

Us(%; i1 Piv1s Vie)

O Cost function: discretised version of Kullback-Leibler (KL)
divergence

M
Dy (Pl|Q) = ) P(QD)log
=1

p(Q(i))
0(Q®)

Us(@y 1> D10 Vig1)
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Ej ZZ(6,,) h * * 22(0y;) pu ZZ(6ry) gm ZZ(0,5)
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https://arxiv.org/abs/2506.19965
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BENCHMARK INTEGRAND WITH TWO PEAKS IN THE DIAGONAL

Absence of phantom peaks
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Distribution of Integration Results by Number Shots
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(19415)) =1.000636 {11Q45)) = 0.999974 (1'94%)) = 1.000001
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O 1000 independent runs with the
same PDF as a function of the
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O Includes a Tiling module to reduce
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CHALLENGING FOR VEGAS
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EVEN MORE CHALLENGING FOR VEGAS

An atom-shaped 2d function

Integrand VEGAS in the QAIS grid
HEEEER EEER |
..!1II Il=lll H N -
[ [ ] ] - EIDI [ [
EEEE N C= N
- | {40 % 40 &
15 b "a "a
e 30 & 30 &
> © ©
7y N
10 § S S
B 20 fa-l) 20 ’5
% : :
O 10z 102
ad
A
O
ad
O
i

2
=
2
=
z
z
>

® VALENCIA

#CSIC



G. RODRIGO

DE EXCELENCIA
SEVERO
CULAR OCHOA

P pum INSTITUT
i

= s
'zﬁ? ‘ S l‘ ﬁ*fﬁ%‘\ VNIVERSITAT 4 4
Fa e A 12 &Y pvuien

MULTI-PEAK BENCHMARK INTEGRANDS WITH POTENTIAL PHANTOM PEAKS
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LOOP FEYNMAN INTEGRALS

The ﬂgl) _ HGF(%) N
One-|00p 2E = (+f+q<+> +

j 0 i+1.0 —Pi0

pentagOn /lll;_'L = i(,;)r) T qj(il),o * (p; +Pj)o , J=1+1

QAIS | (8,4,4) qubits | Dg, = 0.09
QAIS | (8,5,5) qubits | Dk, = 0.09
QAIS | (9,5,5) qubits | D, =0.14

f—
o
o))

Uncertainty (%)
S

Number of Measured States

p—
-
w

10° 106
Number of Shots

O uncertainty band from 100 independent runs with the same PDF

10°
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—e— QAIS | (8,5,5) qubits | Dx; = 0.09
—e— QAIS | (9,5,5) qubits | Dx; = 0.14

106
Number of Shots




CLOSING THE PRECISION GAP WITH QUANTUM ALGORITHMS

Conclusions

O High-energy colliders are quantum machines (with the LHC the largest quantum
machine ever built), and so well suited for a Quantum Computing (QC) approach

O Accuracy of theoretical predictions hinges critically on efficiently integrating and
sampling multidimensional functions, a challenge that scales exponentially with
dimensionality: a clear QC use case also across multiple fields

QFIAE, and in particular QAIS, efficiently boost quantum integration and sampling of
multidimensional functions

G. RODRIGO
O

O With respect to Classical Machine Learning (e.g. Normalizing Flows [Gao, Isaacson, Krause ....],
° Madnis [Plehn, Maltoni ...]), far fewer parameters while better capturing correlations

LJ
1 O My (long-term) dream: a quantum event generator with NNLO, ..., NALO + NXLL
accuracy




