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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

True distribution

« Unfolding is the mathematical technique to correct

for this distortion and recover the original distribution Measured distribution

»”

= - "
[ = Rxr Unfolded distribution Unfolding algorithm
/

J unfolded distribution
response matrix

“reco” distribution
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Unfolding techniques INF

Classical unfolding methods in HEP:

« Standard matrix inversion (never used in practice)

» Bin-by-bin unfolding (never used in practice) /@ ﬁ = ng\
* Likelihood-based unfolding (SVD) roco’ distribution /

- lterative Bayesian unfolding (IBU) response matrix

unfolded distribution

“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 gquantum annealer machine

« Our open-source experimental proposal is QUnfold
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https://link.springer.com/article/10.1007/JHEP11(2019)128
https://github.com/JustWhit3/QUnfold/tree/main

What is guantum annealing?

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

« The target solution is encoded in the ground-state of a final Hamiltonian Hfm, 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:

A .......... [nitial Hamiltonian

H(t) = A)Hinit + Bt)Hypin  A)§ BH)® P

Energy

 Quantum Adiabatic theorem:
«if the evolution is slow enough, the guantum-mechanical system
stays close the ground-state of the istantaneous Hamiltonian»

Adiabatic Evolution

LQUBO problem} mm) H(Z)= Y ami+» byzx; w;€{0,1} a;bj€eR
i i.j
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D-Wave quantum annealer INFN & "\’ \

Pegasus topology in D-Wave Advantage

« 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

D-Wave Advantage is currently
their best quantum annealer:

- 5000+ qubits
- 35000+ couplers
- Pegasus topology

D::\.Waule

The Quantum Computing Companym™
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QuUnfold - Mathematical formulation

Log-likelihood maximization unfolding: max (log L(;I\a?j + )\S(ﬁ))

= RT
measured regularization term

distribution / / \

“reco” distribution unfolded
detector distribution
response
matrix

Quadratic model minimization: Il’lill (| |Rf — CZW +[)\||Gf| |2D
xr < Tikhonov regularization:

* discrete 2™ order derivative
(Laplacian operator G )

* Classical optimization problem, nothing quantum yet!
« I isthe vector of integer numbers representing the unfolded histogram
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QuUnfold - Mathematical formulation

RTrR+)NGTG .

1 i,]

a
B

T -
—2i°d ‘ H (%) = Zaixz‘—ﬁ-z bijrir; = a-i+i' B

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:

N bins _
0
N, qubits & Z loga (Nepries)
1=1

Npins is the number of bins of the histogram
Nentriesis the vector of the number of entries in each bin of the histogram
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Example:

e Gaussian distribution
e 20 histogram bins

e 5M histogram entries
- N qubits = 350

~

J




QUnfold - Software package

The package is still work in progress!

* Implemented using NumPy and D-Wave Ocean SDK » | |
but fU”y Compatlble Wlth ROOT from QUnfold import QUnfoldQUBO

from QUnfold import QUnfoldPlotter

« Designed to address real-scale HEP applications

truth

 Very simple and intuitive Python interface Meatired =
r‘esponse
* Public repository and documentation on GitHub binning
» Available on PyPl and easy to install via pip: ol ie e IS0 (sesponee) messured las 0 1)
unfolder.initialize qubo model()
pip install Qun'FOld unfolded SA, error SA = unfolder.solve simulated annealing(num_reads=10)
plotter = QUnfoldPlotter(
Solver methods: response=response,
measured=measured,
- Simulated annealing sampler (CPU only) truth-truth,
. unfolded=unfolded SA,
- Hybrid sampler (CPU + QPU) error-error_SA,

. binning=binning,
- Quantum annealing sampler (QPU only) )
plotter.plotResponse()

plotter.plot()
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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 INFN

Dataset
« ttprocess in the dileptonic channel (2 leptons and at least 2 b-jets required in the final state)

« = 2.5Mtruth-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 (X2 test) and estimating the statistical errors associated to the unfolding method
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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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QUnfold - Preliminary results INFN
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Conclusion x)

4.

g O\
| S0 _,:'=|
' <

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

Thanks for the attention!

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

Backup

Gianluca Bianco - gianluca.bianco@cern.ch



Quantum computing

Key concepts:

« Quantum computing: science based on information theory and quantum mechanics

Unit of measurement of quantum information is the gubit (mix of O and 1 states)

Quantum algorithms: algorithms that exploit properties from quantum mechanics

* Quantum computing is performed by creating guantum circuits classically
quantum conditioned
» Quantum algorithms need to operate through quantum computers g ol queTLngles
« —fl— T
o —{i} W l L
Quantum computing is based on 3 fundamental quantum concepts: e - : U
« Superposition principle measurements

« Quantum entanglement

* Tunneling effect



Quantum computing and quantum annealing

Gate-based quantum computing Quantum-annealing-based quantum computing
(eg: IBM, Google) (eg: D-Wave)
. Energy
classically
quantum conditioned Classical path -
resets gates quantum gates )
—— [ A J —— N !
o ——-—Iu I—-. E _____: ________
0 m & Tunnel effect gy
o« —{@ )t
Zmeas 0 . Solution Solution
Xmeas A M Quantum Tunnelling Adiabatic evolution
1
measurements
Universal Only quantum annealing can be performed
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https://qiskit.org/documentation/stable/0.40/qc_intro.html
https://docs.dwavesys.com/docs/latest/c_gs_2.html

Measurement of differential cross-sections ¢”INFN= .

Current standard method used in ATLAS and CMS: dcrﬁd 1 1

- Particle/parton-level phase space dXi ~ L AX! €l ZM face (Nobs kag)
— \J

» |terative Bayesian unfolding (IBU) dghorm 1 dgfid

+ In ATLAS TTharUnfold is used (written in C++ by Marino) dxi  ghd gxi

Our idea:

» Working on a new general framework called PyXSec (open-source on GitHub), based on TTbharUnfold
but written in Python

» Add full support to cross-sections measurements by using both RooUnfold classical methods and
QUnfold quantum algorithms
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https://gitlab.cern.ch/ttbarDiffXs13TeV/ttbarunfold
https://github.com/JustWhit3/PyXSec

X4 and errors computation INFN

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:
¢ij =< (x;— < x; >)(xj— < x; >) >

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

X? are computed with:
X2 =VT x Cov™ 1 xV

Where V is the vector of residuals, defined as the difference between measurement and prediction
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Preliminary results with Numpy
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