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A bit of context...



R&D and adoption of new technologies in HEP

HEP is moving towards new technologies, in particular hardware accelerators

FPGA/ASIC Quantum chip

Moving from general purpose devices = application specific



R&D and adoption of new technologies in HEP

HEP is moving towards new technologies, in particular hardware accelerators

FPGA/ASIC Quantum chip

Moving from general purpose devices = application specific




R&D and adoption of new technologies in HEP

HEP is moving towards new technologies, in particular hardware accelerators

FPGA/ASIC Quantum chip

Moving from general purpose devices plication specifi




R&D and adoption of new technologies in HEP

HEP is moving towards new technologies, in particular hardware accelerators

FPGA/ASIC Quantum chip

Moving from general purpose devices =@pplication specifi

Examples of initiatives and institutions involved:
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Hadronisation and decay

Hard interaction:
»qqbar, qg, gg

Initial state radiation
Beam remnants

Secondary interactions

Hadronisation and decay

Monte Carlo simulation and data analysis are intensive and requires lots of computing power.



Quantum computing for HEP experiments
QCAHEP WG

Jet/track

reconstruction Quantum

Kernels

Real-time
Phenomena Quantum VQE/varQITE

Dynamics

Low dimension
LGT

Hybrid Qu-Cl l
NP 6

Classification
QNNs
Rare signal Trottgr
Dynamics

extraction

Regression QAOA
For & beyond
Standard
] Quantum

TN/QTN

QLM/D-Theory Optimisation

}:Ci)j[; <+

‘::LD ! Annealing
50N _‘(\ Optimisation

HHL
Algorithm

Parton
Shower

Neniiing Classification ONNs

oscillations

ve <— @

Generation
QBMs

Experiment
Simulation

b

_— Quantum

Kernels

Ve

QGANs

Many experimental and theoretical HEP applications are deemed to benefit from quantum computation.


https://arxiv.org/abs/2307.03236

Recap



Quantum computing

Simulation

required to develop algorithms
complete introspection

require noise modeling

Simulation

Hardware

Post-quantum cryptography
Search problems (Grover)

Algorithms Simulation of quantum systems
Quantum annealing

Machine Learning

QPU design and fabrication

QPU control, characterization and calibration

= |imited (in many senses)
= requires calibration

= final validation

Applications




Discrete gates primer

Goal: Construct a generic U (2") operation based on building blocks

The Hilbert space on which the unitaries act is a strutured as a (X) tensor product of n qubits

the generic qubit state is:

[Y) = a|0) + B |1) with |a? + |8 =1
and it can be visualized as a point on the Bloch sphere

a = cosf/2 B=e"?sinb/2




Example gates: Pauli

The X gate acts like the classical NOT gate, it is The Z gate flips the sign of |1), it is represented
represented by the o, matrix, by the 0, matrix,

(0 1 (1 0
9= 11 0 92 =\o -1

therefore therefore




i

Pauli-X (X)
() Single-qubit gates
Pauli-Y (Y)
These are operations on the Bloch sphere
Pauli-Z (Z)
(] Two-qubit gates
Hadamard (H)
The building-block interactions
Phase (S, P)
Multi-qubit gates
7/8 (T)
Higher-level instructions for algorithms

Controlled Not
(CNOT, CX)

@ Define a universal gate set
Controlled Z (CZ)

= universality means it can generate all unitarities

= possibly , since it may be efficient to execute

=t

= implementations, related to diverse hardware

Gates could be variously parametrized, so there exists
Toffoli
(CCNOT,
CCX, TOFF)

universal sets made beyond

i
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e
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() Single-qubit gates

These are operations on the Bloch sphere
(] Two-qubit gates

The building-block interactions
Multi-qubit gates

Higher-level instructions for algorithms

@ Define a- gate set

= universality means it can generate all unitarities

= possibly , since it may be efficient to execute

= implementations, related to diverse hardware

Gates could be variously parametrized, so there exists

universal sets made beyond

Pauli-X (X)
Pauli-Y (Y)
Pauli-Z (Z)
Hadamard (H)
Phase (S, P)

7 /8 (T)

Controlled Not
(CNOT, CX)

Controlled Z (CZ)

SWAP

Toffoli
(CCNOT,
CCX, TOFF)
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Circuit

Unitary - but measurements.

Circuit are a way to compose gates to build unitaries, sequentially

or in parallel




Parametrized gate

Rotations gates (Bloch sphere)

L cos(0/2) —sin(6/2)
R,(0)=e 7 = (sin(0/2) cos(0/2)>

Note that Ry(ﬂ') =Y.

Every unitary transformation as decomposed in

rotations (Euler’s angles)

Other parameters are possible: GPI and GP12 parametrize the position of the axis, multi-qubit gates can

paramterize complex interactions, ...

Having parameters, it opens the door to optimization & - i.e. quantum machine learning (QML)
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Two-qubit gate

The atoms of interaction

Controlled gates (conditionals)

The controlled-$NOT$ ($CNOT$) gate is a conditional
gate defined as

CONOT = (1 0)
0 o

We define a control qubit which, if at |1), applies X to a
target qubit.

control

00) — {00)

[10) = [11)

01) — |01)

[11) = [10)

Multi-qubit gates allow entangling states

Control

|00)4[11)




Measurement

The non-unitary gate that you have
Measurements are special gates, in two ways:

1. itis the only operation that allows to extract information

2. itis the only non-unitary gate

(Module of) amplitudes of the final states are
derived by repeating the experiment many

times identically, performing many shots.

§ S
g g g g g & -4 - g
~~~~~~~~~~~~~~~~~~




Noise and channels

Non-unitary operations model

Instead of acting over a state vector, the state will be
tracked by a density matrix

) — p (~I]) @)

This makes possible to track phenomena like
decoherence, which has not a unitary action on the
state.

Another option is to exploit measurement non-
unitarity, and represent the noise through repeated
execution.

Kraus
®(p) = ZBiPB;
Stinespring
U= Ka®|o) (v
Choi

A =U) (U

Liouville, Quantum networks, ...
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Noise and channels

Non-unitary operations model

Instead of acting over aM the state will be

tracked by a

) — p (~I]) @)

This makes possible to track phenomena like
decoherence, which has not a unitary action on the
state.

Another option is to exploit measurement non-
unitarity, and represent the noise through repeated
—

execution.
e ——

Kraus
®(p) = Z B;pB;
Stinespring
U= Ka®|o) (v
Choi

A =U) (U

Liouville, Quantum networks, ...



Applications



Quantum machine learning

Machine Learning

M: model;

O: optimizer;

J: loss function.

(x,y): data Expected values

Yest = (qr|B|ar)

Quantum Computation

Q: qubits; VQC execution

S: superposition; E

E: entanglement.

credits M. Robbiati



Quantum machine learning

hine Learning

~ optimizer;
J: loss function.

Quantum Computation
Q: qubits; VQC execution

S: superposition;

E: entanglement.

credits M. Robbiati



Quantum machine learning

timizer O
Hybrid-strategy é’——\

Machine Learning loss function j

M: model; }/measd/est)
O: optimizer;

J: loss function.
(x,y): data Expected values

Yest = quBqu>

Quantum Computation
Q: qubits; VQC execution

S: superposition;
E: entanglement.

credits M. Robbiati



QML - remarks

A classical function being clasically optimized.

'gest(e) = <0| U(Q) ‘0> : R"™ - R™

If a first-order optimization & method
used, gradient calculation may be -
"quantum-aware" (PSR).

C,

The advantage is mainly in the inference time, and
possibly ansatz expressivity.

fe+do) —f(a)

1@ = d6

9 6+do 62 : 0+=

Numerical Gradient Analytic ér‘adient (Parameter Shift)

Quantum computation is naturally based on
continuous variables. But in practice they are
generated through digital control electronics with
noisy calibrated pulses
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1@ = d6
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qPDF [arXiv: 2011.13934]

Parametrize Parton Distribution Functions (PDF) with multi-qubit variational quantum circuits

¢

1. Define a quantum circuit: U(6, x) ]0>®n = (0, x))
2. Uy(a,z) = R,(azlog(z) + o) R, (aq log(z) + a3)
3. Using 7(6,2) = (B(6, )| Z; [$(6, )

1—2(0,x)

qPDF,(z, Qo,0) = 1+ 2(0,2)

Iy
o

1.65GeV)
o o
c o

I
IS

o
S
2
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o

1073 107t 1073 107t 1073 107
X X X

—— Noise Simulation e Experimental Results
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qPDF [arXiv: 2011.13934]

Parametrize Parton Distribution Functions (PDF) with multi-qubit variational quantum circuits
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Density estimation with adiabatic QML i 20

Determining Probability Density Functions (PDF)

QAML example

by fitting the corresponding Cumulative Density Function (CDF)
using an adiabatic QML ansatz.

— cdf

{5 /
. . Not trained evolution
/
o = Trained evolution

Training points

1. Optimize the parameters 6 using adiabatic evolution: Haq(T; é) =
[1— s(T; 5)]X + s(7; 0_)2 in order to approximate some target CDF

Target values
Data
—-- Target true law

VEINES

2. Derivate from H 4 a circuit C(T; é) whose action on the ground state of

X returns [v(T))

3. The circuit at step 2 can be used to calculate the CDF

Simulations

4. Compute the PDF by derivating C with respect to T using the Parameter

Shift Rule

o
N
w

Ratio to true
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Density estimation with adiabatic QML i 20

Determining Probability Density Functions (PDF)

QAML example

by fitting the corresponding Cumulative Density Function (CDF)
using an adiabatic QML ansatz.

. g — cdf
4 Algomthmls summary . ) ’ Not trained evolution
P = Trained evolution

Training points

1. Optimize the parameters 0 using adiabatic evolution: Haq(7;6) =
[1— s(7;0)]X + s(7;0)Z in order to approximate some target CDF
va|ues s Target values

— Data
2. Derivate from H 4 a circuit C(7; #) whose action on the ground state of

—-- Target true law
X returns |¢(7')>

3. The circuit at step 2 can be used to calculate the CDF

Simulations

4. Compute the PDF by derivating C with respect to T using the Parameter

Shift Rule

o
N
w

Ratio to true
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Quantum hardware



Quantum computation

Various models are proposed and explored

1. discrete gate-based
2. continuous variable (a.k.a. bosonic)

3. quantum annealing

The potential use cases partially overlap, and it is possible to emulate each other (at least approximately).

They are particularly related to the hardware realizing them...



Technologies

Many technologies simultaneously investigated

Current

Capacitors

stance-free current
d forth around
ed
cites the

Number entangled

9

Company support

Google, IBM, Quantum Circuits

y and must be
kept cold

Laser

Electron

Trapped ions

Silicon quantum dots
Th artificial a 3
made by adding

mall piece of pur

Intel

Stable. Build one:
gate fidelitie

Slow operation. Many lasers

are needed. kept cold.

Topological qubits
Quasipartic!

the be

channeled througl
conductor structur
braidec

oft, Bell Labs

Greatly reduce errors.

Existence not yet confirmed

Electron

Diamond vacancies
A nitrogen atom and a vacancy
on to a diamond
. Its quantum spin state,

carbon nuc
controlled s

Quantum Diamond Technologies

Can operate at room
temperature.

Difficult to entangle

Pros and cons for each, investigated by different groups, including diverse private companies.

Some optimal for specific applications, others for further usage, e.g. quantum memories [arXiv: 1511.04018]


https://arxiv.org/abs/1511.04018
https://arxiv.org/abs/2304.14360

Superconducting

One of the platforms with most resonance

Enabled At scale
Excutedby 1o © IBM Quantum
Development Roadmap | s 100 - 1000 10¢ - 10°
1 10 - 1000+
2019 2020 2021 2022 2023 2024 2025 Beyond 2026

10?-10¢ 10°-10"

We are here

l

Beyond Logical qubit 1long-lived Tileable module Engineering Error-corrected
classical prototype logical qubit (logical gate) scale up quantum computer
v v

M1(2019) M2 (2023) M3 (2025+) M4 M5 Mé

«IBM» and «Google» are definitely two prominent players, but superconducting hardware is being
investigated by a plethora of labs.

Within the scope of this technology, many variations are also possible (flux-tunable qubits, couplers, cross-
resonance schemes), so it is a macro-category.



Neutral atoms

150004
100004

50001

Is
10 0 400 500
Detector counts

0.5 1.0

—_— =
5 5 3 i

-0.5 .0 1.5
Time |3} Frequency (kHz)

«Atom computing» have been the first to claim >1000 qubits l[arXiv: 2401.16177]


https://arxiv.org/abs/2401.16177

Control

Quantum hardware is first of all an exercise in precise control

ate b O0S Gate
Input Signal Levels Signal Levels
5\ 15V
BY ' 14.95V

High

0.05V
o

The quantum operation is supposed to be exact, not within a certain range.



Qibo

- Your quantum workhorse -



The ecosystem

8 Quantum annealing
e = backends
-
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age API mamd |Mplementation
B Clifford B3 ==

Specialized in Clifford
circuits simulation

TensorNetwork simulator

Efficient device-agnostic
simulation with custom
operators

Simulation of hybrid QML
with automatic
differentiation

Y L Lightweight, fits
Application well with any CPU
packages
_

s

e Qibochem —
B

Convert gates to pulses

RFSoCs
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Q|bo [arXiv: 2009.01845]

Execution

Simulating on
classical hardware ;}

Qibo
backends

Executing on
guantum hardware

Clifford

Qibotn
Qibojit

tensorflow

numpy

Qibolab

Specialized

CPU/GPU high
performance

CPU/lightweight


https://arxiv.org/abs/2009.01845

Backends mechanism

Plug the framework.

Structure the integration of the various libraries.
=

Common operations are implemented once and reused (when possible).



R@SUltS [arXiv: 2203.08826 ]

gft, double precision Multi-GPU - 32 qubits

qibojit
qibotf

1x GPU
2x GPUs

“ “ “ I| I| 4x GPUs

variational supremacy

numpy
tensorflow cpu
qibotf cpu

qibojit (numba) cpu

(=1
(=}

tensorflow gpu
qibotf gpu

Total simulation time (sec)

—*— qibojit (cupy) gpu

(=}

-¥-- gibojit (cuquantum) gpu
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Q
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]
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:
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F

Trotter adiabatic evolution, 10 qubits, double precision

numpy

tensorflow cpu

15 20

. ibotf
Number of qubits Dot Pt

qibojit (numba) cpu
tensorflow gpu
qibotf gpu

—*— qibojit (cupy) gpu

—-¥-- gibojit (cuquantum) gpu

Total dry run time (sec)

Tt =t
¥ Dalnbinn aun s S5 = S =S o= g



https://gist.github.com/migueldiascosta/0a0dbe061982bc4cc2bc7171785a4b86
https://arxiv.org/abs/2203.08826

Automatic differentiation

for quantum machine learning -> Qiboml

Autodiff simulation is fundamental
to support QML investigation.

A dedicated differentiable backend
in simulation can considerably help
algorithms development.

Moving towards a single interface,
encompassing both simulation and
quantum hardware
implementations.

user

Tensorflow

implementation

e.g. TensorFlow

PyTorch

Parameter shift rule

JAX

Framework portability: implement in one, export derivatives.




Clifford

Specialized execution.

[¥) =U )

Theorem 1 Given an n-qubit state |1), the

following are equivalent:

(i) [1) can be obtained from |0) ® n by CNOT, Hadamard,
and phase gates only.

(ii) [1) can be obtained from |0) ® n by CNOT, Hadamard,
phase, and measurement gates only.

(iii) [¢) is stabilized by exactly 2n Pauli operators.

(iv) |¢) is uniquely determined by S(|1)) =

Stab(|1)) N P, _or the group of Pauli operators that
stabilize |1))

( T ... T 211 Zin 1 \
T oo Lpn Znl Znn Tn
Ln+)l -+ Llntl)n | 2(n+1)1 Z(n+1)n | Tn+l
\ T2n)1 -+  Tn)n | 2(@2n)1 Z@2n)n | T2n )

Instead of operating on the whole state vector, the state is

represented by a much more compressed tableau.

It still requires vectorized operations on the boolean entries, that

can be optimized in a similar fashion to the general state vector

approach.



Clifford

Benchmarks

Clifford Simulator
—$— Qibo - NumPy

Qibo - Numba
—$— Qibo - CuPy
+ Cirq
—6— Qiskit - CPU
—4— Stim
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Clifford

Benchmarks

Clifford Simulator

Qibo -

Qibo -

Qibo -

Cirq

Qiskit - CPU
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Tensor network

Optimized for observables.

Contractions




Tensor network

Optimized for observables.

. e, Contractions
La ¢ * ¢ ; .
se00 . . o o ° o o~ @
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Tensor network

Optimized for observables.

Contractions




Tensor network

Optimized for observables.

. e, Contractions
La ¢ * ¢ ; .
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Tensor network

beyond opt_einsum

Approximation Workload distribution

Based on singular value decomposition (SVD).

q range(nq
c.apply_gate('H q

q range ng

' c.apply_gate( 'CNOT', q, q +
A very frequent matrix product state (MPS).

c.apply_gate( 'CNOT
But also other ansatzes are used. c.apply_gate( 'CNOT

c.apply_gate( 'CNOT



Tensor network

beyond opt_einsum

Approximation Workload distribution

Based on singular value decomposition (SVD).

q range(nq
c.apply_gate('H q

q range ng

. c.apply_gate('CNOT', q, q +
A very frequent matrix product state (MPS).

c.apply_gate( 'CNOT
But also other ansatzes are used. c.apply_gate( 'CNOT

c.apply_gate( 'CNOT



QiboTN

Benchmarking : Quantum states

X . supremacy, double precision
qft, double precision : Y I
CuQuantum TN
Quimb TN
CuQuantum MPS
quimb MPS

CuQuantum TN
Quimb TN
CuQuantum MPS

== quimb MPS

== Qibojit numba

Qibojit numba
Qibojit cupy

nes mean (sec)

Qibojit cupy

9
]
7
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g
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N l.‘th . h;:] 28 Number of qubits
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CuQuantum TN CuQuantum TN
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Qibojit cupy Qibojit cupy
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QiboTN




Transpilation

-- the bridge to hardware

-> COMPILATION AN AN NN AL A

GPI2(m/2)

*simplicity is not well-defined, as in Mathematica and gcc = heuristics involved!



QI bO | a b [arXiv: 2308.06313]

Quantum control



https://arxiv.org/abs/2308.06313
https://files-prod.tii.ae/360/TII-QRC-Computing-Lab.html

Execution flow

& 2 3
From the composer the job is sent Microwave electronics mix Measurement pulses
1o the cloud where it is queued and then signal down to a frequency go down same coax after

sent to a controlfmeasurement computer that can be digitized

the control pulses

Amplifiers at 4K i
i ! \
|
|
\ |
H 4
Results are sent back
to you over the cloud Measurement pulses interact
with qubits via readout resonators
and are reflacted back
8 7 5
Mixed-down signals are digitized Microwave electronics mix Measyuremant pulses are routed

by a classical computer and
the resultis classifiedas 0 or 1

signal down to a frequency
that can be digitized

, and isolators prevent
noise from getting to the qubits.

IBM Q



Qibolab - Interface

input physical
Circuit Pulse sequence > Platform > Driver Electronics QPU
The input for a computation could be very def create
standard, at the level of a circuit. That kind of UISEEUIENE = PRI HSEEITEME “lis e, Gt bias

interface is already defined by Qibo itself.

channels ChannelMap

channels Channel
However, at a lower level, pulses are still a readout
standard-enough way to interact with hardware, port=instrument.ports(“ol
and these are defined by Qibolab.
. Platform
%r:E myplatform

qubits={qubit.name: qubit
instruments={instrument.name: instrument

o
~
]
c
c
®
<
G

qubit 0




Qibolab - Drivers

move 1,R0 # Start at marker output channel @ (move 1 into RO)
nop # Wait a cycle for RO to be available.
= Qblox loop: set_mrk RO Set marker output channels to RO

#
. upd_param 1000 # Update marker output channels and wait 1ps.
= Zurich asl RO,1,R0 # Move to next marker output channel (left-shift RO).
#
#

= OM nop Wait a cycle for RO to be available.
------ jlt R0O,16,@loop Loop until all 4 marker output channels have been set once.
= QICK
""""" set_mrk 0 # Reset marker output channels.
upd_param 4 # Update marker output channels.

stop # Stop sequencer. by Oblox


https://www.qblox.com/
https://www.zhinst.com/
https://www.quantum-machines.co/
https://github.com/openquantumhardware/qick
https://qblox-qblox-instruments.readthedocs-hosted.com/en/master/cluster/q1_sequence_processor.html#example

Qibosoq - Server on QICK i zsio0mse

input physical

\ 4
A

A
A

Circuit Pulse sequence Platform Driver Electronics < QPU

Qibolab handles the whole connection, and takes care of fetching the single or multiple results.

Communication
Protocol

For the single open source platform FPGA FiRMwaRE
currently in Qibolab, there has been a dedicate

H |

effort to define a suitable server, to optimize the i Client I
H | ] 3
communication with the board. i 1. Prepare and serialize J—:—V 3. Receive commands size |
! commands i ;

1

de-serialize

6. Execute commands

I
I .
P 5. Receive commands and !
|
I
I
I
I
I
I

: 2. Send commands size !

© H I

— Qibosoq . .
i 4. Send serialized commands :

H I

|

8. Receive results 44&# 7. Send the results

in collaboration with INFN-UNIMIB-BIQUTE


https://arxiv.org/abs/2310.05851

Platform dashboard

Home > Dashboards > QPUmonitor % <3 < @ 2023-11140813:56102023-11-17120017 v > @ & v B
- tiilq_b1
Queue info bl T2 Assignment gate fidelity
100%
H H 20
0 idle ide 0 «- " | |
15 ms. ‘ ‘ 60%
40ms
Latest T1 Latest T2 Lastest Assignmnet Fide D | ‘ 40%
20ms
Sms 20%
5 0 6 = o -
. 1141200 1/1500:00 11/1512:00 11/1600:00  11/1612:00 111700:00 11171 111412:00  11/15 00:00 : 11716 00:00  11/16 12:00 :( 1/1412:00 11115 00 1/1512:00 111600:00 11/1612:00 1117 00:00 11171
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~ SLURM Jobs
RUNNING/COMPL/PEND Jobs FAIL/SUSP/CANC/PREEMPT/TIMEDOUT Jobs
1% 250K
800 2k
600 150K
400 ®
200 500
. U , n
10:00 10:30 1100 1130 1200 1230 1300 1330 1400 1430 1500 1530 1000 1030 11:00 11:30 1200 1230 13:00 13:30 14:00 14:30 15:00 15:30
min max avg cument min  max  avg cument
— Completing Jobs 11 1 Timed out Jobs o o o o
— Running Jobs 0 199 460 7 = FalledJobs 0 23k 103 0
== Pending Jobs 0 918 102 o == Failed jobs (due to NodeFail) o 1 00166 o
— Completed Jobs 1628 146 1 = Suspended Jobs o o o o


http://login.qrccluster.com:10000/

Qibocal i

A due mention

2303.10397]

qq acquire

qq upload

o)

©

@

Automated

protocols
execution

Il Acquire data
for your

Analyze your
data

Share your
results


https://arxiv.org/abs/2303.10397

Hardware

Characterization

Gate Set
Characterization

Single Qubit
Routines

&

Low Level
Characterization

Two Qubits ¢ &)

Interactions € »

Standard Randomized Benchmarking :

Resonator Spectroscopy 1

Resonator Punchout

Characterization

Resonator Flux Dependence‘

Resonator Crosstalk

Readout Optimization

Qubit Spectroscopy

Qubit EF Spectroscopy

Qubit Characterization Qubit Flux Dependence

Qubit Crosstalk

Qubit flux tracking
T1&T2

Qubit spectroscopy

Couplers .
= Resonator Spectroscopy

Zeno

Single-Shot Classification

Amplitude
Length

EF Transition

AlIXY & Drag Pulse Tuning

Standard

Ramsey
S Detuned

Flipping
Dispersive Shift

Fidelity
Readout Characterization QND-ness
Mitigation matrix
TWPA Optimization

Fast Reset Test

Time of Flight Readout

Quitrit classification

Avoided crossing

characterize the hardware
calibrate control

validate performances



Gate Set
Characterization

{ Standard Randomized Benchmarking :

Resonator Spectroscopy y

Resonator Punchout

Resonator Characterization

Resonator Flux Dependence‘

Resonator Crosstalk

Readout Optimization y

Qubit Spectroscopy

Qubit EF Spectroscopy

Single Qubit

S Qubit Characterization
Routines

Qubit Flux Dependence
Qubit Crosstalk

&

Qubit flux tracking

T1&T2

Qubit spectroscopy

Couplers

m the hardware

Amplitude

Resonator Spectroscopy 1

Low Level

Characterization Length

EF Transition
m ontrol
Hardware Ramsey b Standard
i i S Detuned
Characterization n e rfO rmances

Flipping y

Dispersive Shift

Fidelity

Readout Characterization 1 QND-ness

TWPA Optimization
Fast Reset Test
Time of Flight Readout

Mitigation matrix

Quitrit classification 1
Avoided crossing 1

Two Qubits ¢ &)

Interactions € »




Pulses’ calibration

RESONATOR SPECTROSCOPY RABI
probe — Pulse ——— drive — Pulse
readout M F
readout R M —
acquisition : —— Acquisition |—

Tune the amplitude (duration) of the drive pulse, in order
Scan spectrum to identify the coupled resonator frequency.

to excite the qubit from the ground state up to state |1).




Protocols report

QPU control implementation e With Puscs

- Qubit ('D1", 'D2')

CHSH -
Randomized benchmarking ¥

They are two of the routines available in Qibocal,
allowing to validate the QPU performances.

S
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Protocols report

QPU control implementation e With Puscs

- Qubit ('D1", 'D2')

CHSH -
Randomized benchmarking ¥

They are two of the routines available in Qibocal,

allowing to_the QPU

.
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Qibocal Reports

Uploaded Reports
Please select a report from the table below:
Search:‘ |
Start- End-
time time
Title Date Platform (UTC) (UTC) Tag Author
test_tiilgb1 2024-02-13 [home/users/ 06:53:18 06:53:26 - andrea.pasquale
andrea.pasquale/
gibolab_platforms_qgrc/
tiilgs_xId1000
test_qubit_spec_tiilgs 2024-02-13 [home/users/ 06:59:45 06:59:50 - andrea.pasquale
andrea.pasquale/
gibolab_platforms_qgrc/
tilgs_xId1000
web_calibration_report_20240209_163420 2024-02-09 /home/users/gibocal/ 12:34:25 12:34:51 web_calibration gibocal
webapp/
gibolab_platforms_grc/
igm5bq
web_calibration_report_20240209_154537 2024-02-09 [home/users/gibocal/ 11:45:54 11:46:21 web_calibration gibocal
webapp/
gibolab_platforms_grc/
igmbq
web_calibration_report_20240209_ 163420 2024-02-09 /home/users/gibocal/ 12:34:25 12:34:51 web_calibration gibocal
webapp/

gibolab_platforms_grc/
igmbq



Qibocal Reports

v Home
Timestamp

v Actions

Resonator_Spectroscopy High
Power

v Summary

Versions

Imaginary [a.u.]

nary [a.u.]

D1 Phase Shift [rad]
D1 Electronic Delay [s]
Raw data
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3
0.001 ©
= 0.001
[
o
3
0.0005 = 0.0008
(=2}
(]
= 0.0006
0
— 0
—0.0005 B
—
— -5
Q
o
-0.001 c 10
o
-15
-0.001 0 0.001 0.002
Real [a.u.]
Calibrated data
—
3
s, 1
0.2 =
o
% 0.8
k4]
0.1 £
7]
c 06
[
|_
0

-5.788124e-01

3.390674e-07

'MU"‘
Mw‘q-‘-‘-—“-h'qu,. ,.M"-”
5 ';"
% F
«\‘ "‘
.‘-\-.'"
7.134 7.136 7.138 7.14
7.134 7.136 7.138 7.14

Frequency [GHz]

7.134 7.136 7.138 7.14

- @
« S21
* Magnitude
Phase
—— S21 Fit

Magnitude Fit

Phase Fit

- S21
+ Transmission
Phase
—— S21 Fit

Transmission Fit



= Not a one-man show...
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