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HEP challenges for LHC and future colliders

Monte Carlo simulation and data analysis are intensive and requires lots of computing power.
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R&D and adoption of new technologies in HEP

HEP is moving towards new technologies, in particular hardware accelerators:

CPU GPU FPGA/ASIC Quantum chip
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Post-quantum cryptography

Applications
4

Search problems (Grover)
Simulation of quantum systems
1

Algorithms

Quantum Computing topics in HEP

Quantum annealing

Simulation
Machine Learning

QPU design and fabrication
"

QPU control, characterization and calibration

Quantum computing
Hardware
Software / Middleware

The HEP community is testing quantum computing algorithms in topics related to:

Data analysis Theoretical modelling




Application examples
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Replace classical ML data analysis methods
with variational quantum computing (QML)
and observe advantage with quantum
computing methods.

How?

e Developing variational models using
classical quantum simulation.

e Adapting problems and deploying strategies
on NISQ hardware.


https://arxiv.org/abs/2307.03236

:2307.03236

Design new algorithms for QFT and Hadronic
physics observables, identify advantage from
quantum computing methods.

How?

e Designing hybrid quantum-classical
methods using classical quantum
simulation.

e Deploying classical quantum simulation
techniques on HPC infrastructure.
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https://arxiv.org/abs/2307.03236

Quantum Machine Learning - ML with Quantum Circuits  (credits Robbiati)

Machine Learning

M: model;

O: optimizer;

J: loss function.

(x,y): data Expected values
Yest = <qf|B|qf>

Quantum Computation

Q: qubits; VQC execution

S: superposition; B Ej @ SRR

E: entanglement. M
09 e (0 2




um Machine Learning - ircui (credits Robbiati)

chine Learning
model;
~optimizer;

J: loss function.
(xmata

Quantum Computation
Q: qubits;

S: superposition;

E: entanglement.

Expected values
Yest = (qr|Blar)

VQC execution




Quantum Machine Learning - ML with Quantum Circuits  (credits Robbiati)

[ Optimizer O

Hybrid-strategy ] 4_/_\

Machine Learning loss function J

M: model; J(}/meas-,}/est)

O: optimizer;

J: loss function.

(x,y): data Expected values
Yest = (qr|Blar)

Quantum Computation
VQC execution

Q: qubits;
S: superposition; M
E: entanglement. M




Example 1: Parton Distribution Functions
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Parton distribution functions
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Determination of parton distribution functions & arXiv:2011.13934

We parametrize Parton Distribution Functions with multi-qubit variational quantum circuits:

@ Define a quantum circuit: U(6,z)|0)®" = [4(0, z))
® Uy(o,z) = R:(aslog(z) + as)Ry (a1 log(x) + ae) 7 I
© Using z(0,7) = ((0,2)| Zi[ (0, x)): S

1*271 671‘ 7
aPDF;(z,Qo,0) = 1—&-27&&:; 7

Results from classical quantum simulation and hardware execution (IBM) are promising:
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https://arxiv.org/abs/2011.13934

Example 2: Event generation
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Event generation




Monte Carlo event generation using style-QGAN & arXiv:2110.06933

Train with a small dataset, use unsupervised machine learning models to learn the
underlying distribution and generate for free a much larger dataset.

Classical setup: Hybrid quantum-classical setup:

Neural network model
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Input npul
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samples samples | !
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https://arxiv.org/abs/2110.06933

Style-based quantum generator

& arXiv:2110.06933

Quantum generator: a series of quantum layers with rotation and entanglement gates

0) ~{Bo AR A

0 {RHEHRHRH -
ent

: | : | . :

0 <{F R HR R -

Style-based approach

the noise is inserted in every gate and
not only in the initial quantum state

Reminiscent of the reuploading scheme

1 component = 1 qubit
—<Uz>,...,— "
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A. Pérez-Salinas, et al., Quantum 4, 226 (2020)


https://arxiv.org/abs/2110.06933

Simulation with LHC generated data & arXiv:2110.06933

Testing the style-qGAN with real data: proton-proton collision pp — t£

~C > T

Training and reference samples for Mandelstam variables (s, t) and rapidity y generated with
MadGraph5_.aMC@NLO.

Simulation results: 3 qubits, 2 layers, 100 bins
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https://arxiv.org/abs/2110.06933

Testing different architectures

= Access constraints to ionQ: test limited to 1000 samples only

ionQ samples:

IBM Q samples:
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& arXiv:2110.06933

Very similar results:

implementation largely hardware-independent

Generated - 10° samples

~108 -10%
t(Gev?)

Generated - 10° samples

-10° -10°
t(Gev?)

4.0
35
3.0
25
2.0
15
1.0
0.5

oo

s (Gev?)

10°

Generated - 10° samples

Generated - 103 samples

13


https://arxiv.org/abs/2110.06933

Example 3: Monte Carlo Integration / Sampling
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adiabatic Q

Density estimation wi

€ Determining Probability Density Functions (PDF) by
fitting the corresponding Cumulative Density Function
(CDF) using an adiabatic QML ansatz.

% Algorithm’s summary:

@ Optimize the parameters @ using adiabatic evolution:

Haa(7;0) = [1 — s(7;0)]X + s(7;60)Z in order to
approximate some target CDF values;

@ Derivate from H,q a circuit C(7;0) whose action on
the ground state of X returns |i(7));

© The circuit at step 2 can be used to calculate the
CDF;

® Compute the PDF by derivating C with respect to 7
using the Parameter Shift Rule.

:2303.11346

QAML example
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https://arxiv.org/abs/2303.11346

Multi-variable integration with VQCs & arXiv:2308.05657

€ Use Variational Quantum Circuits to calculate multi-dimensional integrals: I(a) = f;: g(a;xz)d"x.
% Algorithm’s summary:
@ Train the derivative of a VQC with respect to the integral variables x to approximate the
integrand g(z);

@® The derivatives are computed using the Parameter Shift Rule and this allows the same circuit C
to be used for approximating any integrand marginalisation and the primitive.

Estimates of /,(Q?) Fit of 3sin(2x) with PSR on hardware
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https://arxiv.org/abs/2308.05657

Middleware challenges




Software challenges

How to design quantum algorithms and deploy on quantum hardware?

e Cloud-based quantum hardware: Industry (cloud-based)

e Use tools provided by providers. l'igEtti
e Self-hosted quantum hardware: IB M Q

e Operate self-hosted quantum hardware. iy

|
e Accommodate custom lab setups. 3 aws
_ . &
e Bypass restrictions to execute an experiment. Amazon Braket
J IONQ
n Google Al
Quantum IA Microsoft Azure
H\WAVUR

The Quantum Computing Company
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Software challenges

How to design quantum algorithms and deploy on quantum hardware?

e Cloud-based quantum hardware: Industry (cloud-based)

e Use tools provided by providers. ['igetti
e Self-hosted quantum hardware: IB M Q

e Operate self-hosted quantum hardware.

e Accommodate custom lab setups. 1 aWS
° Bypass restrictions to execute an experiment. A%namn!raket

Bample | Google A

Let's consider the PDF determination project, it Quantum

J IONQ

IA Microsoft Azure
requires two stages: prototyping and deployment. D:\Waue

antum Computing Company~
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Stage 1: Prototyping models / algorithms

Quantum Computing Problem

Prototyping
Write solution using High Level
code

@ High-level quantum circuit
programming language
® Fast classical quantum simulation

for model prototyping

Simulate on Classic Hardware

CPU GPU Multi GPU
High Performance
18



Stage 2: Deployment on quantum hardware

Deploym
@ Gates to microwave pulses sequence

/ ® Hardware compatible optimization

algorithms
Write solution using High Level 0no 5 .
code © Error-mitigation algorithms
Cryostat
(Fridge) Modulated signal (pulse)
Simulate on Classic Hardware Execute on Quantum Hardware
pulses Input Readout
Microwave source Laboratory
CPU GPU MultiGPU Different technologies Need for calibration  Error Correction Local oscillators LAN network
Amplifiers
SN~ FPGAs

High Perfe . .
Experimental Devices
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Introducing Qibo

& arXiv:2009.01845

Qibo is an open-source hybrid operating system for self-hosted quantum computers.

Quantum annealing
Quantum circuits

Qibo L»[ Language API ]—»[ Implementation ]

====1

backends |

https://qibo.science

hardware

{Efficient device-agnostic |
|simulation with custom

loperators

[Lightweight, fits
iwell with any CPU

Qibocal

Qibolab

Qibosoq [2 J
RFSoCs

v

v

LooToTooTToTooTo
| TensorFlow

implementation

{simulations

Characterization
Calibration

Validation
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https://arxiv.org/abs/2009.01845
https://qibo.science

Qibo Contributors (September 2023)
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Classical quantum simulation benchmarks

& arXiv:2203.08826

qibojit, gft, double precision

NVIDIA RTX A6000 (cupy)
NVIDIA DGX V100 (cupy)
NVIDIA GTX 1650 (cupy)
AMD Radeon VII (cupy)

- NVIDIA RTX A6000 (cupy-multigpu)
AMD EPYC 7742, 128 th., 2TB (numba)
ATOS QLM, 384 th., 6TB (numba)

—_ —_
(= (=
) =

T

Total simulation time (sec)
=

Major features:

e Supports CPU, GPU and multi-GPU.
e NVIDIA and AMD GPUs support.

e Reduced memory footprint.

10!
10°
5 10 15 20 25 30
Number of qubits
30 qubits - double precision
10
by
£
g N N £t i N
10 H N V) 50
il REE AN LN
variational _supremacy Qv by

Benchmark library: https://github.

35

Custom operations
using Numba

2

n

Sp P

for 1and 2 qubits gates
exploiting sparsity.

Qibo » |NumPy tensors

o Qibo GPU
Qiskit

== Qiskit GPU
HybridQ

@ HybridQ GPU
Qulacs

SN Qulacs GPU
ProjectQ

CuPy tensors

com/giboteam/qibojit-benchmarks
22


https://arxiv.org/abs/2203.08826
https://github.com/qiboteam/qibojit-benchmarks

How to control qubits? & arXiv:2308.06313

Qibolab is the dedicated Qibo backend for quantum hardware control.

v

NativeGate I
Characterization

e =
Platform QubitPair Channel

» | Characterization

Instrument |—> Port |<

e Platform API: support custom allocation of quantum hardware platforms / lab setup.

v

e Drivers: supports commercial and open-source firmware for hardware control.

Arbitrary pulse API: provide a library of custom pulses for execution through instruments.

Transpiler: compiles quantum circuits into pulse sequences matching chip topology.

e Quantum Circuit Deployment: seamlessly deploys quantum circuit models on quantum hardware.

23


https://arxiv.org/abs/2308.06313

Benchmarking instruments performance

& arXiv:2308.06313

We compare the ideal pulse sequence execution performance to instruments execution duration.

Calibration routines benchmarks

—
Resonator spectroscopy |

(20 points)

Resonator spectroscopy _|
(100 points)

Qubit spectroscopy |
(300 points)

Rabi i
(75 points)

Ramsey detuned
(30 points)

T1 experiment
(40 points)

T2 experiment
(32 points)

Single shot classification

Standard RB 1

T T
10° 10! 102
Experiment duration [s]

= (deal
2
RFSOC  fommn
QM
= QBlox
=
=
e
j—
F
=
T T
1 10 100

Experiment duration
(ratio with ideal time)

Zurich Instruments (ZI), Quantum Machines (QM), QBlox and RFSoC FPGA (Qibosoq+QICK). 24


https://arxiv.org/abs/2308.06313

Qubit characterization and calibration & arXiv:23

Calibration of single and multi-qubit platforms are possible using Qibo.

Standard Randomized

Gate Set Characterization
Benchmarking

Resonator Characterization

q q 0 Qubit Characterization
Single Qubit Routines

Rabi Oscillations
Ramsey

T1&T2

Low Level C izati ingle-sh
AlIXY & Drag Pulse Tuning
Hardware Flipping

Characterization Dispersive Shift

Readout Characterization

Readout Frequency Optimization
Fast Reset Test

Time of Flight Readout

— f@ Chevron
Interactions €0 Tune Landscape

Resonator Spectroscopy
Resonator Punchout
Resonator Flux Dependence
Qubit Spectroscopy

Qubit Flux Dependence

Standard

Detuned

Fidelity
QND-ness
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https://arxiv.org/abs/2308.06313

Full-stack procedure: PDF determination & arXiv:2308.06313

1. High—LeveI API (Qibo) . u-quark PDF fit on the qubit

e Define model prototype.

e Implement training loop.

e Perform training using simulation.

0.2 4 —-- Target function “‘
—— Predictions !
. . A 20 belt \
2. Calibration (Qibocal) 0.0 = 1gbelt
e Calibrate qubit. 107 1073 1072 . 10°
X
e Generate platform configuration.
Parameter Value
3. Execution (Qibolab) Naata 50 points
o Allocate calibrated platform. Nshots 5003
MSE 10~
o Compile and transpile circuit. Electronics Xilinx ZCU216
e Execute model and return results. Training time i2h
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https://arxiv.org/abs/2308.06313

Real-time error mitigation in QML trainings

€» Cleaning up the parameters space with a real-time error
mitigation strategy in order to overcome Noise-Induced
Barren Plateaus (NIBP) when training a QML model:

% Algorithm’s summary:

@ The expected values E are mitigated through
Clifford Data Regression (CDR):

Emit = acdrEnoisy + ﬁcdr;

® Reduced CDR computational cost by updating
(v, B)car periodically during the training;

© The mitigation removes the bounds and accelerate
the training process.

>

uf(x)

Two qubit circuit fit

1.0+
0.8
06— = =\ -
0.4
_| — Target function

0.2 —=— BP bound

— Exact
0.0 — — No mitigation

—— Real time mitigation

T T T T
-1.0 -0.5 0.0 0.5
X

u-quark PDF predictions on hardware

1.0

4 — Predictions with CDR training

= Predictions with raw training

| == Target

—— Qubit's assignment fidelity

1074 1073 1072 107t
X

10°
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Full-stack deployment: RB and Bell inequality

Examples of results executed on quantum hardware (single-qubit) after calibration with Qibo:

Single-qubit randomized benchmarking CHSH inequality
N s +—————— _
1.0 —— Classical bound
- L 2+ Bare
£ 0.9 Se.. —e— Mitigated
ie) Y o 14
8 0.8 ~e.. 3
o e~ ©
<4 ~a_ > o4
o hh T
= 0.7 4 "o-__._ 0
2 =--4 6 ~14
E 06 -~
2 -- exponential fit 5 »
05 mean per sequence B " e
' e mean over sequences L L i
_3 —
T T T T T T T T T T T T T
0 100 200 300 400 500 0 1 2 3 4 5 6
sequence length Theta
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https://arxiv.org/abs/2308.06313

Outlook




We have observed a great set of interesting proof-of-concept applications in HEP.

For the future:

e Improve results quality, moving from prototype to production.

Mitigate hardware noise by implementing real-time error mitigation techniques.

Provide software tools for further enhancement of quantum technologies.

e Enhance calibration, characterization and validation techniques.

Codevelop quantum hardware and instruments for application specific tasks.
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