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Who am 1?

e 2" year PhD student in Data Science and Computation at
UniBo and INFN

e Education and background in applied computational physics

e Passionate about quantum software development

Research
activities
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Design, implementation, Applications of quantum
testing, and benchmarking computing in experimental
of quantum algorithms High-Energy Physics

Simone Gasperini - simone.gasperini4@unibo.it

Cryostat for superconducting qubits at the Jiilich
Supercomputing Center (Germany, August 2023)




Qutline

Part 1

e History of Simulated Annealing and Quantum
Annealing (QA) with D-Wave

e Basic theoretical introduction to QA

e Definition of Quadratic Unconstrained Binary
Optimization (QUBO) problems

e Overview about D-Wave hardware and software
e Discussion about features and limitations of QA
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Part 2

Introduction to the distribution unfolding
problem in High-Energy Physics (HEP)

Mathematical formulation of the unfolding
problem as a QUBO

Presentation of the QUnfold Python package

Discussion about experimental results on
simulated HEP data
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https://www.dwavesys.com/
https://github.com/JustWhit3/QUnfold
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Quantum computing models

Gate-based model (IBM, Google, ...) Quantum annealing (D-Wave)
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https://qiskit.org/documentation/stable/0.40/qc_intro.html
https://docs.dwavesys.com/docs/latest/c_gs_2.html

Annealing algorithm history
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Quantum annealing

QA is a quantum optimization process to find the global minimum of an objective function O(#)over a set of candidate states

1. The quantum-mechanical system is prepared in the A . Initial Hamiltonian
known ground-state of an initial Hamiltonian H;,;; L R e Intermediate Hamiltonian
o0 4 Final Hamiltonian
L . . . ) $
2. The seeked solution Zin = argmin O(Z) is encoded in S

the ground-state of a final Hamiltonian H;,

3. The quantum system evolution is controlled by the
following time-dependent Hamiltonian:

H(t) = A(t)Hinit + B(t)H g, At)$ Bt)®

Quantum Adiabatic theorem
“If the evolution is slow enough, the quantum-mechanical system
stays close the ground-state of the instantaneous Hamiltonian” Adiabatic Evolution
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From Ising to QUBO INF

The quantum-mechanical Hamiltonian is an operator on the Hilbert space (Ising model with transverse field):

H(t) = A(t)Him't + B(t)Hfz'n

The Ising model term encodes
Z o + Bt Z hi 0 * Z the objective function O(3)

i<j
Transverse field Ising model
Spin variables: s; € {—1, +1} Binary variables: z; € {0, 1} QUBQ
1/
0(s) = Z h;s; + Z j5iS; > O(7) = Z azxz—t-z Bjjxxe; =& Toz
i<j w; = l+si i i<j
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QUBO problem

Q; are the linear coefficients
— —»T —
O(m) = E :aixi‘i'E :Bijxixj =7 Qx B;; are the quadratic coefficients
1 1<J
() is the so-called QUBO matrix

Quad ratic —3  Highest power of variables is 2 .
Quantum Annealing allows to

_ solve only problems that can
Unconstralned —————3>  No constraint is applied to variables be written as QUBO/Ising

\

It is not a universal model of
quantum computation!

Binary -3 \/ariables take only binary values

Optimization =3 Minimize (or maximize) an objective function
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D-Wave QA system

e Shielded from external electric, Quantum Processing Unit (QPU)

magnetic, and thermal effects e Lattice of superconducting qubits
e Cooled down to ~15 mK by a liquid
Helium refrigeration system

e Isolated from floor vibrations

e Controlled by a specialized

wiring and read-out electronics e <25 KW total power consumption

° Physical interaction between qubits
limited by a fixed topology

Chimera (left) and Pegasus (righi) graph topolégy
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Embedding on D-Wave QPU INFN £ 2
457082
“‘Embedding” is the process of mapping a source graph (problem
topology) to a target graph (QPU topology): a cluster of physical
ubit/variable

bits may represent a single logical

Logical qubit # Physical qubit
u

Logical
qubit

Embedding on QPU Pegasus graph topology

Problem graph topology
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D-Wave software platform

e D-Wave Ocean SDK to define Ising/QUBO
model and set annealing parameters

python

Cloud access to the
D-Wave quantum computer

e Implementation of classical solvers to run locally

e Access to real quantum and hybrid
solvers via cloud

. [ -
e D-Wave Leap platform to monitor S — €) o
quantum resources utilization © c0.00.59897. .
-

Onine 0. 2008 047.000

yste
5000+ qubits 99.9% up-time
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https://docs.ocean.dwavesys.com/en/stable/
https://cloud.dwavesys.com/leap/signup/
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Unfolding problem

In High-Energy Physics (HEP) experiments each
measurement apparatus has a unique signature in
terms of detection efficiency, space/time resolution,

and geometric acceptance

The overall effect is that the distribution of some
measured observable is biased and distorted

Unfolding is the mathematical technique to correct for
this distortion and recover the original distribution

ii = R¥

“reco”

histogram response matrix

True distribution

/ / \ unfolded Unfolded distribution

histogram
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Unfolding techniques

Classical unfolding methods in High-Energy Physics: ROOUﬂfOld

The ROOT Unfolding Framework

e Standard matrix inversion (never used in practice)

e Bin-by-bin unfolding (never used in practice)

e Likelihood-based unfolding (SVD)

e lterative Bayesian unfolding (IBU)

QUnfold is our Python package implementing a quantum approach to tackle the unfolding problem leveraging D-Wave
guantum annealing systems: the mathematical formulation is based on the previous work by R. Di Sipio et al. in 2019 [1]

- 5000+ (physical) qubits
- 35000+ couplers
- Pegasus topology

Unfolding _ QUBO_ - QUnfoId' =p D-Wave
problem formulation implementation systems

[1] Cormier. K., Sipio, R.D. & Wittek, P. Unfolding measurement distributions via quantum annealing. J. High Energy Phys.. 128 (2019)
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https://github.com/JustWhit3/QUnfold/tree/main
https://link.springer.com/article/10.1007/JHEP11(2019)128

Quadratic model formulation INF

Log-likelihood maximization unfolding: max (logﬁ fld) + AS ) = Raz
x
/ \ / j Unfolded
measured regularization “reco” response histogram
histogram histogram matrix

Quadratic model minimization unfolding: min (| |R# —d||* + A |Gf||2>
Xz

Tikhonov regularization
discrete 2"-order derivative
(Laplacian operator)
— This is a classical model (nothing quantum yet!)

— Z'is an array of integer numbers (need binary variables!)

Simone Gasperini - simone.gasperini4@unibo.it



QUBO formulation

into binary variables

Define @ = —2R"d
and B=RTR+\GTG

)
Encode integer numbers

H(Z) =) ami+ Y byjrw;=d-F+i BE

U 0]

The total number of binary variables (logical qubits) scales as:

N qubits X Nbins ° 10g2 (nentries)

nbins is the number of bins Of the h|stogram For inStarlce, fOI' a hIStogram W.|th 20 b”:]S and
Nentries IS the total number of entries in the histogram 50M entries we need ~350 logical qubits
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QUnfold software

“ "N

INFN £ \ 445

e Implemented using D-Wave Ocean SDK but
fully compatible with ROOT framework for HEP

e Minimal and intuitive Python interface
e Open-source repository available on GitHub

e Easy toinstall in Python/Conda environment:

pip install Qunfold

Available solver methods:
- Simulated annealing sampler (CPU only)
- Hybrid sampler (CPU + QPU)

- Quantum annealing sampler (QPU only)

D:wave @)cean

unfolder = QUnfoldQUBO(response, measured, lam=0.1)
unfolder.initialize qubo _model()

unfolded SA, error SA = unfolder.solve simulated annealing(num_reads=10)
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https://numpy.org/
https://root.cern/
https://github.com/JustWhit3/QUnfold

Test on HEP data

Simulated HEP dataset

e trprocess in the dileptonic channel (2 leptons and 2 b-jets required in the final state)

e 2.5M truth-level events generated using the MadGraph
generator (truth histogram)

e Detector-level data generated using the Delphes
simulator (measured histogram)

Kinematic variables unfolding

e D-Wave simulated annealing and hybrid quantum-classical solvers are used
e Results are compared with standard HEP methods (Ml and IBU, RooUnfold)

e Multiple experiments are run to evaluate the quality of the result (y* test) and to estimate the statistical errors
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Experimental results
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Experimental results

Leptons invariant mass b-jets invariant mass
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Conclusion

e New unfolding approach based on the QUBO formulation of the problem and quantum annealing

e Model implemented in the QUnfold Python package
e Algorithm tested on simulated High-Energy Physics data

Next steps

e  Further optimize the algorithm: integer model binarization,
QUBO matrix preconditioning, graph embedding on D-Wave QPU

e Perform more experiments on real quantum hardware
(we recently got D-Wave QPU access time by CINECA)

e Design, implement, and test a gate-based approach for the same
problem (we started a collaboration with CERN QTI and IONQ)
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https://www.cineca.it/

Thank you!
Any questions?

https://github.com/JustWhit3/QUnfold
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