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Introduction

Outline of the talk:

• Brief unfolding introduction

• Quantum computing and quantum annealing

• QUBO problems formulation

• D-Wave quantum annealer

• QUnfold: unfolding with quantum annealing

• Implementation strategy

• Tests on simulated data

• Differential cross-sections measurement

• Conclusions and outlooks
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What is unfolding?

• In High-Energy Physics (HEP) experiments each

measurement apparatus has a unique signature in 

terms of detection efficiency, resolution, and 

geometric acceptance

• The overall effect is that the distribution of some 

measured observable in a given physical process is 

biased and distorted

• Unfolding is the mathematical technique to correct

for this distortion and recover the original distribution

Gianluca Bianco - gianluca.bianco@cern.ch

“reco” distribution
response matrix

unfolded distribution
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Unfolding techniques

Classical unfolding methods in HEP:

• Standard matrix inversion (never used in practice)

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

• Likelihood-based unfolding (SVD)

• Iterative Bayesian unfolding (IBU)

“Quantum” unfolding methods:

• First proof-of-concept by R. Di Sipio et al in 2019: the model worked only on really small-sized 

problems (very few bins and entries) using the D-Wave 2000Q quantum annealer machine

• Our open-source experimental proposal is QUnfold

“reco” distribution
response matrix

unfolded distribution

Gianluca Bianco - gianluca.bianco@cern.ch

https://link.springer.com/article/10.1007/JHEP11(2019)128
https://github.com/JustWhit3/QUnfold/tree/main
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Quantum computing - introduction

Gianluca Bianco - gianluca.bianco@cern.ch

Key concepts:

• Quantum computing is a science based on principles of information theory and 

quantum mechanics

• Quantum algorithms are particular algorithms that exploit some properties deriving 

from quantum mechanics (ex: Shor, Groover, etc…)

• In order to work, quantum algorithms need to operate through computers capable 

of manipulating objects in which the quantum component is sufficiently manifest

• Such computers are called Quantum Computers

Quantum computing is based on 3 fundamental quantum concepts:

• Superposition principle

• Quantum entanglement

• Tunneling effect
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Quantum computing - architecture

Gianluca Bianco - gianluca.bianco@cern.ch

Classical computing:

• Unit of measurement of classical information is the classical bit

• Bit can assume values 0 or 1

• Classical computing is performed by creating classical circuits

• Circuits are processed by the CPU

Quantum computing:

• Unit of measurement of quantum information is the qubit (mix of 0 and 1 states)

• Qubit manifests evidence of quantum behaviors like superposition

• Qubits can be represented by an atom, a trapped ion, etc …

• Quantum computing is performed by creating quantum circuits

• Circuits are processed by the QPU

Bit Qubit
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Gate-based quantum computing 

(eg: IBM, Google)

Quantum-annealing-based quantum computing 

(eg: D-Wave)

Quantum computing and quantum annealing

Gianluca Bianco - gianluca.bianco@cern.ch

Universal Only quantum annealing can be performed

https://qiskit.org/documentation/stable/0.40/qc_intro.html
https://docs.dwavesys.com/docs/latest/c_gs_2.html


What is quantum annealing?

• The quantum-mechanical system is prepared in the known ground-state of an initial Hamiltonian

• The target solution is encoded in the ground-state of a final Hamiltonian , written as the 

energy/cost function of a Quadratic Unconstrained Binary Optimization problem (QUBO problem)

• The system evolution is controlled by the following time-dependent Hamiltonian:

• Quantum Adiabatic theorem:

«if the evolution is slow enough, the quantum-mechanical system

stays close the ground-state of the istantaneous Hamiltonian»

QUBO problem

8Gianluca Bianco - gianluca.bianco@cern.ch
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QUBO problems formulation

Quadratic Unconstrained Binary Optimization (QUBO) problem, minimizing:

Equivalent to the Ising Model (variables are “spin up” and “spin down” states):

𝑥: vector of binary variables

𝑎: linear term

𝑏: quadraric term

QUBO problem Ising model

More resources here

Gianluca Bianco - gianluca.bianco@cern.ch

https://docs.dwavesys.com/docs/latest/c_gs_3.html


D-Wave quantum annealer

• The D-Wave company is the only commerical quantum 

annealing machines provider so far (1 min/month QPU 

access time for free)

• The D-Wave QPU is a lattice of interconnected 

superconducting qubits operating at around 15 mK and 

with a fixed limited topology

Pegasus topology in D-Wave Advantage

Gianluca Bianco - gianluca.bianco@cern.ch

D-Wave Advantage is currently 

their best quantum annealer:

- 5000+ qubits

- 35000+ couplers

- Pegasus topology

10



D-Wave quantum annealer

Current limits:

• Too few qubits, but this number grows exponentially over the years

• Bad qubits quality and not optimal topology

• Quantum and hybrid solvers are unstable and results may oscillate for these cases

Usual standard workflow:

• Do large-scale studies using simulated annealing (slow)

• Test also the hybrid solver (medium)

• Do small-scale studies using quantum annealing (fast)

• With the increasing in the number of qubits this workflow will probably change

11Gianluca Bianco - gianluca.bianco@cern.ch



Log-likelihood maximization unfolding:

“reco” distribution
detector 

response 

matrix

unfolded 

distribution

measured

distribution

regularization term

Quadratic model minimization:

• Classical optimization problem, nothing quantum yet!     

• is the vector of integer numbers representing the unfolded histogram

Tikhonov regularization:

discrete 2nd order derivative 

(Laplacian operator     )

QUnfold - Mathematical formulation

Gianluca Bianco - gianluca.bianco@cern.ch 12



Minimization of:

QUnfold - Mathematical formulation

QUBO hamiltonian

13Gianluca Bianco - gianluca.bianco@cern.ch



To get the QUBO model from this integer-variables quadratic problem, a “binarization” process 

based on the logarithmic encoding of the variables is needed

Their total number, which represents also the number of required logical qubits, scales as:

is the number of bins of the histogram

is the vector of the number of entries in each bin of the histogram

QUnfold - Mathematical formulation

Example:

● Gaussian distribution

● 20 histogram bins

● 5M histogram entries

→ N qubits ≈ 350

Gianluca Bianco - gianluca.bianco@cern.ch 14



• Implemented using NumPy and D-Wave Ocean SDK

but fully compatible with ROOT

• Designed to address real-scale HEP applications

• Very simple and intuitive Python interface

• Public repository and documentation on GitHub

• Available on PyPI and easy to install via pip:

pip install Qunfold

Solver methods:

• Simulated annealing sampler (CPU only)

• Hybrid sampler (CPU + QPU)

• Quantum annealing sampler (QPU only)

QUnfold - Software package

Gianluca Bianco - gianluca.bianco@cern.ch 15

https://numpy.org/
https://docs.ocean.dwavesys.com/en/stable/
https://root.cern/
https://github.com/JustWhit3/QUnfold
https://pypi.org/project/QUnfold/


QUnfold - Tests on simulated data

MadGraph

Delphes

RooUnfold

Dataset

• 𝒕 ҧ𝒕 process in the dileptonic channel (2 leptons and at least 2 b-jets required in the final state)

• ≈ 2.5M truth-level events generated using the MadGraph generator (truth distribution)

• Detector-level data generated using the Delphes simulator (measured distribution)

Technique

• Simulated annealing and hybrid solvers are used (quantum annealing solver is work in progress) 

• Results are compared to the classical HEP unfolding methods MI and IBU (RooUnfold framework)

• Toy Monte Carlo experiments are run to compute the covariance matrix for evaluating the quality of 

the result (𝛸2 test) and estimating the statistical errors associated to the unfolding method

Gianluca Bianco - gianluca.bianco@cern.ch 16

http://madgraph.phys.ucl.ac.be/
https://github.com/delphes/delphes
https://roounfold.web.cern.ch/classRooUnfoldResponseT.html


QUnfold - Preliminary results
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Leading lepton 𝒑𝑻 Subleading lepton 𝒑𝑻

Gianluca Bianco - gianluca.bianco@cern.ch



Leptons invariant mass b-jets invariant mass
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QUnfold - Preliminary results

Gianluca Bianco - gianluca.bianco@cern.ch



Measurement of differential cross-sections

Current standard method used in ATLAS and CMS:

• Particle/parton-level phase space

• Iterative Bayesian unfolding (IBU)

• In ATLAS Top TTbarUnfold is used (written in C++ by Marino)

Our idea:

• Working on a new general framework called PyXSec (open-source on GitHub), based on TTbarUnfold

but written in Python

• Add full support to cross-sections measurements by using both RooUnfold classical methods and 

QUnfold quantum algorithms

19Gianluca Bianco - gianluca.bianco@cern.ch

https://gitlab.cern.ch/ttbarDiffXs13TeV/ttbarunfold
https://github.com/JustWhit3/PyXSec


Conclusion

Conclusions

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

• Model implemented and tested in the QUnfold Python package, very easy to install and start using

Future steps

• Further optimize the algorithm (integer model binarization, QUBO matrix pre-conditioning, etc.)

• Perform more experiments on real quantum hardware (D-Wave resources by CINECA)

• Develop PyXSec: a new framework to measure differential cross-sections of HEP processes

• Design, implement and test a gate-based approach for the same problem (we started a collaboration

with CERN QTI and IONQ)

20Gianluca Bianco - gianluca.bianco@cern.ch

https://www.cineca.it/
https://github.com/JustWhit3/PyXSec


Conclusion
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Thanks for the attention!

Gianluca Bianco - gianluca.bianco@cern.ch

https://github.com/JustWhit3/QUnfold

https://github.com/JustWhit3/QUnfold


Backup

Gianluca Bianco - gianluca.bianco@cern.ch
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Covariance matrices and errors are computed through MC pseudo-experiments:

• A random Poissonian smearing is added to the measured distribution

• Unfolding is performed

• Procedure is repeated for N iterations (toys)

• Covariance matrix is computed considering the ensemble of the unfolding solution at each iteration:

• Errors are computed as the square-root of the diagonal of the covariance matrix

𝚾𝟐 are computed with:

Where V is the vector of residuals, defined as the difference between measurement and prediction

23



Preliminary results with Numpy

Normal Exponential

24Gianluca Bianco - gianluca.bianco@cern.ch
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