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Abstract

The nature of dark matter remains one of the most pressing mysteries in fundamental
physics. Among the particles proposed as dark matter constituents, ultralight
photon-coupled bosons stand out as promising candidates, including axions, axion-
like particles (ALPs), and dark photons. In the hypothesis that these particles make
up the galactic dark matter halo, they can generate coherent electromagnetic fields
oscillating at frequencies determined by their masses. In the microwave regime,
these fields can be detected through resonant interactions with highly sensitive
superconducting quantum devices.

This thesis examines practical approaches for axions, ALPs, and dark photons
searches using superconducting transmon qubits as detectors. The detection exploits
direct resonant excitation: when a transmon qubit is resonant with the monochromatic
dark matter signal, energy exchange between the two drives a coherent population
transfer from the ground to the excited state, analogous to driven Rabi oscillations.
The qubit’s excitation probability after a fixed interaction time (constrained by
qubit coherence, typically ~ 100 ps) encodes information about the signal strength.
Sweeping the qubit’s frequency enables the search for resonances with dark matter at
a specific dark particle mass, covering wide frequency ranges.

The main contribution of this thesis addresses a critical challenge in superconduct-

ing dark matter search experiments: weak dark-sector couplings yield excitation prob-
abilities that are difficult to distinguish from noise and thermal background. We in-
troduce a quantum signal amplification protocol that post-processes the state of the
sensing qubit after it interacts with dark matter via a programmable, gate-based en-
hancement circuit. The circuit we developed dramatically improves the detector’s
response to small dark matter signals. This protocol leverages an ancilla qubit cou-
pled to the sensor, implementing a small-sized quantum circuit followed by ancilla
measurement and post-selection of the outcome. Successful post-selection greatly im-
proves sensitivity to weak signals, while unsuccessful post-selection destroys the sens-
ing qubit interaction history. Our approach requires optimizing the trade-off between
achieving a high post-selection success rate and, at the same time, a large sensitivity
enhancement in the success case.
A significant practical advantage over other quantum enhancement schemes in exist-
ing literature, based on preparing fully-entangled multi-qubit states and letting them
evolve under dark matter, is that our enhancement circuit is applied only after the sens-
ing qubit is exposed to dark matter interaction, avoiding the stringent requirements of
maintaining multi-qubit entanglement throughout long sensing time intervals. More-
over, the protocol requires only one two-qubit gate, ensuring natural compatibility
with modern noisy superconducting quantum computing platforms.
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Comprehensive performance characterization of our experiment was conducted,
incorporating realistic noise sources, i.e. finite coherence times (T, 1), state prepa-
ration errors, readout infidelity on both qubits, and thermal population effects. The
analysis focuses on dark photon detection, as axion and ALP searches would require
applying a few-tesla magnetic field directly to the chip, severely degrading qubit co-
herence. Our results demonstrate that readout fidelity and accuracy in state prepa-
ration heavily affect the overall performance of the experiment. Under optimal (yet
achievable) error conditions (0.5% readout error, 0.1% preparation error), a two-qubit
enhanced detector achieves an integration time speedup factor of G ~ 1.05 - 2.75 rela-
tive to the baseline Rabi-sampling approach without enhancement, depending on the
frequency of interest in the range 2.5 - 6.0 GHz. Scaling to multi-sensor architectures
with shared ancilla for sequential enhancement increases the speedup to G ~ 2.10 -
5.50. Sensitivity projections for a reference deployment of 120 physical qubits operat-
ing for three years of active data-taking yield an exclusion limit on the dark photon
kinetic mixing of € ~ 1 x 10~14 at the 95% confidence level, uniformly across the fre-
quency range 2.5 GHz - 6.0 GHz, corresponding to the mass range 10 eV - 25 eV. Such
exclusion limits are much lower than those set by cosmological bounds (2 10~ and
experimental limits currently achieved by other experiments, for a large portion of the
mass interval under study.

The experimental component of this thesis involves the design, fabrication, and
characterization of transmon-based architectures towards a prototype dark photon
sensor compatible with the enhancement protocol developed in this thesis. Design
and simulation methodologies, addressing Hamiltonian engineering (targeting reso-
nant frequencies, Kerr non-linearities, mode coupling strengths) and decoherence mit-
igation (charge noise suppression, Purcell filtering, dielectric losses mitigation) were
developed and validated experimentally. Three test devices with increasing architec-
tural complexity, ranging from uncoupled fixed-frequency qubits to qubits coupled
through bus resonators, were fabricated at the US National Institute of Standards
and Technology (NIST) and characterized at both NIST and the University of Mi-
lan—-Bicocca. Measured parameters confirm design predictions, though Purcell-limited
relaxation emerged as the primary coherence bottleneck due to lower-than-expected
readout resonator quality factors.

This work demonstrates that programmable superconducting quantum processors
represent a viable platform for quantum-enhanced dark matter detection, establishing
a bridge between quantum computing and fundamental physics. The combination
of hardware-efficient enhancement protocols, realistic noise modeling, and experi-
mental device development provides a concrete step towards competitive dark-sector
searches using quantum technologies available today.
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Chapter 1

Introduction

Quantum technologies have made remarkable progress in the past few decades, en-
hancing our capabilities to detect and manipulate individual quanta and control the
temporal evolution of increasingly complex quantum states.

These advancements have enabled practical -and disruptive- applications across mul-
tiple domains, including quantum computing [1], precision metrology [2], quantum
simulation [3-6], quantum sensing [7], secure communications [8, 9], and artificial
intelligence [10-12]. The implementation of quantum devices spans multiple experi-
mental platforms such as superconducting circuit technology [11], trapped ions [13],
cold atoms [14], photonic systems [15], semiconductor quantum dots [16], and dia-
mond vacancies [17], each one offering distinct advantages and challenges.

Among these platforms, the superconducting one stands out due to its scalability,
microwave-controlled fast operations, and the flexibility to engineer customized elec-
trical circuits tailored to facilitate specific types of quantum interactions required for
targeted applications. Moreover, quantum sensors based on superconductivity have
demonstrated the ability to detect extremely weak electromagnetic [18] and acous-
tic [19] signals. This feature can be leveraged in particle physics to carry out the search
for electromagnetically coupled dark matter candidates [20-23] —primarily axions and
dark photons— and gravitational waves [24-26]. Such experiments, which exploit the
principles of quantum mechanics and the properties of coherent quantum states, are
expected to offer advantages over conventional methods in terms of speed, signal-to-
background ratio, and access to previously unexplored energy-mass intervals.

This thesis examines the latest developments in qubit-based, superconducting
quantum sensors for dark matter detection, focusing on two primary approaches:
non-destructive photon measurements through quantum non-demolition (QND)
techniques [27], and direct energy exchange between qubits and dark fields, referred
to as direct detection (DD) [21]. The primary contribution of this thesis is proposing
a new speedup technique able to enhance existing DD methods by achieving an
effective signal amplification from the interaction between coupled qubit systems
and dark fields. This approach, positioned at the intersection of quantum sensing
and quantum computing, demonstrates resilience to noise and is compatible with
the current limitations of quantum hardware engineering, particularly those inherent
to Noisy Intermediate-Scale Quantum (NISQ) devices [28], i.e. quantum systems
that operate with a limited number of qubits and without full error correction, thus
experiencing significant noise.

The introductory chapter of this thesis provides the necessary theoretical foun-
dation on dark matter, focusing on axion and dark photon candidates, as well as the
qubit formalism and the quantum computing fundamentals. Chapter 2 presents an
overview of the superconducting qubit and the elementary components of a qubit-
based device. Chapter 3 examines state-of-the-art dark matter detection techniques
with quantum sensors, with particular focus on direct detection, while Chapter 4
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presents the enhanced detection scheme developed in this work, quantifying the
achievable speedup and demonstrating the method’s efficiency through compre-
hensive simulations and numerical analysis. Chapter 5 focuses on the design and
simulation of quantum devices of increasing complexity, up to a detection device
prototype compatible with the enhanced dark matter direct search discussed in Chap-
ter 4. Experimental characterizations in cryogenic environments of the preliminary
superconducting qubit devices are also presented in Chapter 5. In Chapter 6, we
draw our conclusions and outline future research directions, leveraging the enhanced
Direct Detection technique here developed.

1.1 Dark Matter search

Astrophysical and cosmological investigations have provided multiple independent
evidence indicating that approximately 85% of the mass of the Universe does not
emit, absorb, or reflect electromagnetic radiation, is collisionless, and interacts pre-
dominantly through gravity [29, 30]. The fundamental nature of this large mass frac-
tion, referred to as dark matter (DM), is unknown, and detection at the particle level
remains a challenging open problem in physics. The current consensus supported by
observational data and theoretical models points toward a non-baryonic composition
and beyond standard model (BSM) [31] particles.

1.1.1 Evidence for Dark Matter

The evidence supporting DM’s existence is exclusively gravitational and spans a wide
range of astronomical scales, from a few kiloparsecs (the size of small galaxies) to the
scale of the entire observable Universe. Below is a list of the main findings supporting
the existence of DM.

* Anomalous rotation curves of spiral galaxies: High-resolution spectroscopic
observations, based on Doppler shifts in atomic and molecular lines, demon-
strated how the orbital velocities of stars and gas in spiral galaxies remain
nearly constant at large distances from the galactic center, far beyond the
regions densely populated by visible matter [32, 33]. This behavior deviates
from the predictions of Newtonian gravity, for which at a sufficiently large
radius, the orbital velocity should decrease as o« 1/ \/r, where r is the distance
from the galaxy’s center.

However, the observed flat rotation curves can be reconciled by postulating
the presence of an invisible matter distribution with density p ~ 1/72, at least
within the peripheral regions of the galaxies.

¢ Gravitational lensing observations: The deflection of light by mass as predicted
by General Relativity serves as a probe of the total mass distribution in the Uni-
verse. When light from distant galaxies travels near massive objects, such as
galaxy clusters, it is bent and distorted, producing observable phenomena such
as arcs, multiple images, and Einstein rings [34].
The analyses of gravitational lensing effects reveal that the gravitational poten-
tial responsible for the observed distortions cannot be attributable to baryonic
matter alone [35, 36]. A notable example is the case of the Bullet Cluster, a sys-
tem composed of two colliding galaxy clusters: lensing mass reconstructions ex-
hibited a clear spatial offset between the peaks of the baryonic mass (traced by
X-ray emitting gas) and the overall mass distribution inferred from lensing [37].
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This study suggested that while the baryonic matter interacted significantly dur-
ing the collision, the dark matter remained largely unaffected, providing strong
evidence that dark matter is both non-luminous and collisionless.

* Cosmic Microwave Background (CMB) anisotropies: During the early Uni-

verse, as it began to expand and cool down, it eventually reached a temperature
where electrons and protons could combine into neutral hydrogen, which
allowed photons to decouple and travel freely. During this stage, slight over-
densities in the matter distribution created gravitational potential wells. The
competition between gravitational pull and radiation pressure in the baryon
and photon fluid induced acoustic oscillations, which left distinct peaks in
the CMB power spectrum. The shape of the CMB peaks indicates that these
potential wells were deeper than what baryonic matter alone could produce,
implying the existence of a substantial amount of non-baryonic, cold, and
collisionless dark matter that enhanced the depth of the wells.
Observations from Planck [38], WMAP [39], and the South Pole Telescope-
3G [40], interpreted within the Lambda cold dark matter (ACDM) framework,
robustly support this scenario and provide stringent constraints on the dark
matter density in the Universe.

* Large scale structure formation: During the formation of large-scale structures

in the Universe, dark matter, not being subject to photon-induced radiation pres-
sure, began aggregating earlier than baryonic matter, forming the potential wells
related to CMB acoustic peaks and serving as the scaffolding for the later aggre-
gation of baryonic gas, ultimately leading to the formation of galaxies and clus-
ters.
N-body simulations [41], combined with observations of the cosmic microwave
background and galaxy clustering [42], robustly support the ACDM paradigm,
highlighting that introducing dark matter in the framework is essential for re-
producing the observed structure of the Universe.

* Big Bang Nucleosynthesis (BBN) Constraints: Predictions of primordial abun-

dances of light elements (such as ’H, “He, and Li) based on the standard BBN
framework are very sensitive to the baryon-to-photon ratio [43].
Observations consistently yield a baryon density that agrees with the one in-
ferred from CMB studies, and it is only a fraction of the total matter density in-
ferred from dynamical and CMB studies. The BBN-predicted baryon-to-photon
ratio is an important consistency test of the ACDM model, as BBN probes an
earlier, much hotter stage of the Universe than CMB analyses do.

1.1.2 Dark Matter candidates

Theoretical studies have proposed several DM particle candidates, exploring their
possible production mechanisms in the early Universe and identifying the signals they
might produce in experiments. In this section, we briefly (and non-exhaustively) dis-
cuss some of the principal DM candidates, with a particular emphasis on ultralight,
electromagnetically coupled candidates (axions and dark photons), being the central
topic of investigation for this thesis.

Weakly Interacting Massive Particles (WIMPs)

WIMPs [44] interact via the weak nuclear force, gravity, and other hypothetical forces
weaker than the weak nuclear one. They naturally arise in many extensions of the
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Standard Model, for example as the lightest supersymmetric particles (neutralinos) or
Kaluza-Klein excitations in extra-dimensional models.

Experimental searches for WIMPs involve multiple approaches. Indirect detection ex-
periments search for byproducts of WIMP annihilations (e.g., gamma rays, neutrinos,
and cosmic rays) in regions of high dark matter density. Direct detection experiments
aim to measure the elastic scattering of WIMPs off atomic nuclei in highly sensitive
projection chambers [45, 46], while collider experiments, such as those conducted at
the Large Hadron Collider (LHC), aim at direct WIMP production [47]. However,
results from direct detection experiments and the lack of evidence for supersymme-
try at the LHC since the early 2010s have increasingly challenged the viability of the
simplest WIMP models.

Sterile neutrinos

Sterile neutrinos [48] are proposed to interact only via gravity and through a small
mixing with the Standard Model neutrinos, making them hard to detect with con-
ventional detectors. Their production mechanisms, such as oscillations from active
neutrinos or decay of heavier particles during the early cosmic epochs, could yield a
relic population with properties characteristic of warm dark matter. The warm dark
matter (WDM) model [49] differs from the ACDM in that the dark matter particles
have non-negligible thermal velocities in the early universe.

Although sterile neutrinos have not yet been observed, they remain an intriguing pos-
sibility that continues to motivate both theoretical studies and observational searches,
for example, through sterile neutrino-atomic nuclei scattering experiments [50] or neu-
trino flavor oscillation experiments such as DUNE [51].

Primordial black holes

Primordial black holes (PBHs) [52] are hypothesized to have formed in the early Uni-
verse, shortly after the Big Bang, due to the collapse of high-density fluctuations. Un-
like black holes resulting from stellar evolution, PBHs could span a wide range of
masses, from as small as 10~° grams to several thousand solar masses. Recent in-
terest in PBHs has increased after the gravitational wave detections from LIGO and
Virgo [53], which have observed mergers of black holes with masses on the order
of tens of solar masses. However, astrophysical constraints from cosmic microwave
background observations and microlensing surveys restrict the mass ranges in which
PBHs can account for the entirety of dark matter. Current research continues to re-
fine these constraints and investigate the possible roles of PBHs in cosmic structure
formation.

Axions and axion-like particles (ALPs)

Axions are widely considered one of the most promising candidates for ultralight
bosonic dark matter, originally proposed as a solution to the strong CP problem in
quantum chromodynamics (QCD) [54]. The CP operation combines the actions of
charge conjugation (C) (transforming particles into their own anti-particles) and the
parity transformation (P) (inverting spatial coordinates signs). Although the Standard
Model exhibits CP-symmetry violation in weak interactions, no such violation is ob-
served in QCD despite the most general Lagrangian formulations containing the term

2
Lo=0 32g;2 Ga, G, (1.1)
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where 0 is a dimensionless parameter quantifying the CP violation strength, gs the
QCD coupling constant, Gy, the gluon field tensor and its dual G = %e“"p”GgU. The
term €'Y is the rank-4 Levi-Civita pseudotensor. It is possible to demonstrate that
Gy G is C-symmetric and P-antisymmetric, therefore not invariant under P and CP.
A non-zero value for 6 would imply a non-zero electric dipole for the neutron, al-
though experimental constraints impose a stringent upper bound of |d,| < 1.8 x
10716 ¢ cm (90% C.L.) [55], translating to 0 < 10~ 1.

A possible explanation for the lack of CP violation in QCD is given by introducing a
global U(1) symmetry, named Peccei-Quinn (PQ) symmetry [56], that is anomalous
with respect to the QCD color group SU(3)c. When this symmetry spontaneously
breaks at an energy scale f,, it gives rise to a light pseudoscalar field 4, i.e. the so-
called QCD axion. In this framework, the CP-violating parameter 6 is replaced by the
dynamical variable a/f,. QCD confinement [57] consequently generates a potential
for the axion which is minimized at = 0, canceling CP-violating effects in QCD.

The symmetry-breaking energy scale f, is expected to be much higher than the Higgs
vacuum expectation value v = 246 GeV. The large value of f, implies an ultralight
axion mass and extremely small coupling terms to Standard Model particles since the
coupling terms scale as inverse powers of f,.

The axion-photon interaction term can be written as

1 -
Loyy = _Egawﬂl:uva, (1.2)

where ¢, is the coupling strength between axion and photon, F,, the electromagnetic
field tensor and F# = 1eM"P7F,, the dual of F,,. This type of coupling is common not
only to axions but to a variety of axion-like particles (ALPs) not directly introduced to
solve the strong CP problem, hence not bound by the same QCD constraint.

The search experiments leveraging the coupling term in eq. 1.2 span a large mass
interval and can be grouped into the following categories:

¢ Haloscope: Haloscopes are superconducting resonant cavities with high quality
factors designed to store an intense magnetic field. The power produced by
axions converting to photons when in resonance with the cavity is [58]

P, = gEWVBZ%Cmin (Qu,Q1), (1.3)

which is converted to an electrical signal to be detected. Here, V is the cavity
volume and B is the magnetic field intensity. The term p, corresponds to the local
axion density and m, its mass. C is the form factor of the particular cavity mode
considered, while Q 4 is the axion quality factor, i.e. the axion energy divided by
its spread, and Q. is the loaded haloscope quality factor.

Haloscope-based experiments such as ADMX [59], HAYSTAC [60], CAPP [61],
ORGAN [62], and QUAX [63] probe mass ranges between ~ 1-100 peV.

* Helioscope: These experiments search for axions originating from the sun
through the Primakoff effect and consist of large magnets to induce conversion
from axions into detectable X-ray photons. The CERN Axion Solar Telescope
(CAST) experiment [64] was able to set 95% Confidence Level (C.L.) exclusion
limits on g, below 107? GeV~! for axion masses up to 0.02 eV.

¢ Light Shining Through a Wall: In such experiments, a high-power laser is di-
rected towards an opaque barrier into a strong magnetic field where photons
convert into axions (via the Primakoff effect). On the other side of the barrier,
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another strong magnetic field converts the axions, which can pass through the
barrier, back into photons, which are then detected with a single-photon detec-
tor. For instance, the ALPS experiment [65] set a 95% C.L. exclusion limit for
Qayy Of ~ 3 x 1078 GeV~! for m, below ~ 10 peV.

Other detection strategies that do not rely on the axion—photon coupling include ap-
proaches based on nuclear magnetic resonance (NMR) techniques, such as those em-
ployed in the CASPEr [66] experiment, which target the coupling between axions and
nuclear spins, and searches for exotic decays or direct production of axion-like parti-
cles at colliders [67]. Collider experiments typically explore mass ranges from a few
MeV up to about 1 TeV, which are generally more relevant for ALPs than QCD axions.

Fig. 1.1 illustrates the current constraints in the axion parameter space (axion-
photon coupling strength versus mass), focusing on mass ranges probed by
haloscopes. The yellow-shaded band represents the range of predicted properties
for the QCD axion. This region, identified by theoretical and observations bounds,
based on the relationship between m,, g;,, and f,;, indicate where axions can rep-
resent the solution to the strong CP problem, and act as a candidate for cold dark
matter. The two solid lines within the constrained region relates to the two main
axion theoretical models, the Kim-Shifman—Vainshtein—Zakharov (KSVZ) [68] and
Dine-Fischler-Srednicki—Zhitnitsky (DFSZ) [69] models, further characterizing the
QCD axions properties. The KSVZ model introduces a new heavy quark carrying
the Peccei-Quinn (PQ) charge. The standard quarks and leptons are expected to be
PQ-neutral and, therefore, unable to couple with the axion at the tree level, but only
through loops. The DFSZ model, on the other hand, extends the Standard Model by
adding a second Higgs doublet and assigning PQ charges to the standard quarks and
leptons, allowing axion and SM particles to couple also at the tree level.

Dark photons

Dark photons are gauge bosons associated with a new hypothetical U(1) gauge sym-
metry, which can acquire mass through the Higgs or the Stueckelberg mechanism [71].
One of the most appealing features of dark photons is that they can interact with or-
dinary matter through a mechanism known as kinetic mixing, acting as mediators
between SM particles and potential DM sectors, or constituting DM themselves in the
form of ultralight bosons. The Lagrangian term involving kinetic mixing is

€
Lmix = _EF]NFWV/ (1'4)

where F,, and F'*" are the electromagnetic and dark field strength tensors, and € is a
dimensionless parameter denoted as mixing strength. If the dark photon is massless,
the kinetic mixing can be removed with a field redefinition, making the dark photon
effectively decoupled from SM particles. However, if the dark photon acquires a mass,
this mixing leads to a small but measurable coupling between the dark photon and
electrically charged particles.

Experimental searches can be divided into the following categories:

* Haloscope and Resonant Cavity Searches: Similarly to the case of axions, halo-
scope experiments like ADMX [72] aim to detect a coherently oscillating dark
photon field, as they produce the same type of signal as axions. Since the pres-
ence of a magnetic field is not required for dark photon searches, even simpler
resonant cavities or antennas can be employed to pick up the small electromag-
netic signals induced by dark photon dark matter.
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FIGURE 1.1: Axion exclusion limits to |g+- | at 95% C.L. set by several experiments in
the typical mass-frequency range spanned by haloscope experiments. Image credits
to [70].
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FIGURE 1.2: Dark photon exclusion limits to the mixing strength parameter € at 95%
C.L. set by several experiments in the typical mass-frequency range spanned by halo-
scope experiments. Image credits to [70].

¢ Collider experiments: Hadron and lepton collider experiments [73, 74] look for
dark photons produced in particle collisions, appearing as resonances in invari-
ant mass distributions (e.g. ine*e™ or "y~ pairs) or contributing to events with
missing energy. The BaBar experiment set a 90% C.L. exclusion limit of € at the
level of 1073 - 10~* for dark photon masses between 0.02 and 10.2 GeV [75].

* Fixed target and beam dump experiments: These experiments leverage a high-
intensity electron or proton beam directed onto a fixed target. Dark photons can
be produced via kinetic mixing in the collisions and then decay into detectable
Standard Model particles, or they can travel a significant distance before de-
caying. Experiments such as APEX [76], HPS [77], and NA64 [78] fall into this
category.

¢ Precision low-energy experiments: Precision measurements in atomic
physics [79], fixed-target neutrino experiments [80], or dedicated fifth force
searches [81] can provide indirect evidence for dark photons by detecting small
deviations from expected electromagnetic interactions.

Fig. 1.2 shows the constraint on the dark photon parameter space (kinetic mixing
strength versus mass), with a close-up view of the mass intervals probed by halo-
scopes and cavity experiments.

The coupling of axion, ALPs, and dark photon to electromagnetism, and the ongo-
ing experimental effort to probe their coupling strength in the ~ 1 - 100 peV mass
range, corresponding to an interval of ~ 0.25 - 25 GHz in the microwave frequencies,
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has motivated the development of new detectors based on superconducting quan-
tum devices, which typically operate in the same range. Superconducting qubits, for
instance, are extremely sensitive to external electromagnetic fields. This high suscep-
tibility can be exploited both to enhance the signal-to-background ratio in haloscope
and cavity experiments and to create entirely new detection schemes based on single
or multi-qubit interactions.

Superconducting qubits are discussed in Chapter 2, while the following section in
this Chapter introduces a platform-independent mathematical framework for describ-
ing qubits, the operations between them, and their interactions with the environment
as open systems.

1.2 Qubits and superconducting circuits

Qubits are considered the fundamental unit of quantum information and are a key
component in many applications such as quantum computing, quantum sensing, and
quantum cryptography. A qubit (or quantum bit) is a two-level quantum mechanical
system which, in contrast to a classical bit, can exist in a generic superposition of
two eigenstates, commonly named computational states and represented in the Dirac
notation as |0) and |1):

) = ]0) +B[1). (1.5)

In Eq. 1.5, the coefficients a« and B are complex amplitudes that satisfy the normaliza-
tion condition |«|? 4 ||*> = 1. By leveraging the invariance of observables to global
phase transformations, any single-qubit state can be expressed using only two real
parameters:

) = cos< ) 10) + sin <g) ¢ [1). (1.6)

Here, the angles 6 € [—7, 7] and ¢ € [0, 27| serve as spherical coordinates that map
a qubit state onto the surface of the unit-radius Bloch sphere, as illustrated in Fig. 1.3.
In this representation, the basis states |0) and |1) occupy the north and south poles,
respectively, corresponding to the positive and negative directions of the £ axis. Addi-
tionally, states aligned along the £ and 7 axes (commonly denoted as |+) and |—) for
the £ direction, and |+i) and |—i) for the § direction) represent equiprobable superpo-
sitions of |0) and |1), i.e. with a 1/2 probability of measuring either |0) or |1):

[+) = (|0>+|1>) =)=

(10) +i[1)), |=i) =

(|0> 1)
(|0> —i[1).

%\
%\

(1.7)
|+i) =

%\

ﬁ

1.2.1 Quantum gates
Single-qubit gates

A common way of controlling the quantum states of single and multi-qubit systems
is through quantum gates, which can be interpreted as an extension of classical logic
gates. Single-qubit Hilbert spaces are isomorphic to C? and have dimension 2. By
representing the physical states of a qubit as |0) = (1,0)" and |1) = (0,1)", single-
qubit quantum gates act as elements of U(2), represented by 2 x 2 complex, unitary
matrices. Ignoring global phases, the most general single-qubit state transformation
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FIGURE 1.3: Bloch sphere representing a qubit state |i) as a vector connecting the
sphere’s center to a surface point, characterized by angles 6 and ¢.

can be written in terms of Euler angles (6, ¢, A) as follows [82]:

LA _jeA
(0, p,7) = e_zléos‘(G/Z) e_‘é sin(6/2) ’ (1.8)
—e "2 sin(0/2) e "'z cos(6/2)
or, decomposed into simpler rotations:
LI(Q, ‘Pr/\) = RZ(‘P)Ry(Q)Rz(A): (1.9)
where §
Ry(0) = e '2%, X=X,z (1.10)

represents rotations along the Bloch sphere’s a-axis, with o, being the a-indexed Pauli
matrix, often also indicated as RX, RY, RZ.
Common examples of single-qubit quantum gates are:

* X(NOT):
X = ((1) (1)) (1.11)
acting as a qubit flip, X |0) = |1), X |1) = |0).
¢ SX (VX): ’ .
SX = sz }:rz) (1.12)

corresponding to ¢'4 Ry(%), i.e. a rotation of 77/2 about the £-axis on the Bloch
sphere followed by a 71/4 rotation on the Z-axis.

e Hadamard:
1

H= % G _11> (1.13)
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creating equiprobable superposition states from base states, H|0) = |+), and
HI1) = [=).

Multi-qubit gates

A quantum state of n qubits is represented by a unit vector in a Hilbert space that is
the tensor product of 1 single-qubit Hilbert spaces. Since each qubit space is C?, the
composite state space is given by

HE = (€)™, (1.14)

which has dimension 2". Consequently, a generic quantum gate acting on n qubits
is described by a 2" x 2" complex matrix. This exponential growth in the state space
dimension hints at the potential of quantum information, as a quantum processor with
arelatively small number of qubits (2 60) can encode and elaborate an amount of data
inaccessible to any classical hardware.

Restricting to the case where n = 2, common two-qubit quantum gates are:

¢ Contolled-NOT (CX):

1000
0100

X=150 01 (1.15)
0010

which implements a logical XOR operation on the computational basis. i.e. flip-
ping the state of a target qubit only if the state of a control qubit is |1). For
example, in the equation:

|01) +[10)\  [01) + |11)
CX( 7 ) == (1.16)

where the first qubit is the control and the second one the target, the |01) term
remains unchanged while |10) transforms into |11).

* iSWAP:

iSWAP = (1.17)

S O -
~. O O

0
i
0

—_ o O O

000

swapping the states of two qubits while introducing a phase factor of i. On the
computational basis, states |00) and |11) remain unchanged while |10) trans-
forms into i |01) and |01) into i |10).

¢ Controlled-Z (CZ):

100 0
010 0

CZ=1001 o (1.18)
000 —1

applying a phase shift only when both qubits are in the |11) state, without af-
fecting the other states.
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¢ Echoed Cross-Resonance (ECR):

ECR =

(1.19)

O = O
O =~ O =
sl
o~ O =

—i

which is equivalent to CNOT up to single-qubit rotations. It can be written as:

1
7 (I®oy —0x®0y), (1.20)

where [ is the 2 x 2 identity matrix.

The universality of a quantum processor with n qubits, i.e. the ability to implement
any unitary operation U(2") with arbitrary precision, is a fundamental requirement
of quantum information [83]. In this regard, two-qubit gates are an essential building
block in quantum information as they enable interaction between qubits and entan-
glement. Without entanglement, any multi-qubit state would be separable into the
tensor product of single-qubit states.

) = [$o) @ [1) © ... @ [¢u-1). (1.21)

In this scenario, the overall state would be completely determined by the individ-
ual states of each qubit, which would require specifying only 2n complex numbers
(ignoring normalization and global phase constraints). Furthermore, the only possi-
ble operations would be described by single-qubit gates, i.e. 2 x 2 complex matrices,
which are easy to handle classically. In other words, the exponentially large Hilbert
space would not be exploited.

More generally, the universality of single-qubit and two-qubit gates was demonstrated
in [84], establishing that any unitary transformation on an n-qubit system can be de-
composed into a finite sequence of these simpler operations. This result ensures that a
quantum device able to implement a small set of basis gates, consisting of some single-
qubit rotations and an entangling two-qubit gate, is universal. For example, two basis
gate sets are {CZ, I, RZ, SX, X} and {ECR, I, RZ, SX,X}. A useful quantitative state-
ment is provided by the Solovay—Kitaev theorem [85]: if a finite gate set generates a
dense subgroup of SU(2), then any single-qubit unitary can be approximated to accu-
racy € by a sequence of length O(log®(1/€)) (for some constant c), and a multi-gate
sequence of m constant-size gates can be approximated by O(mlog®(m/€)) elemen-
tary gates from the finite set.

1.2.2 Quantum circuits

Quantum circuits provide a widely adopted and intuitive framework for representing
sequences of quantum gate operations. In quantum circuits, each qubit corresponds
to a register where quantum gates, identified by unique symbols, are positioned from
left to right following the order in which they are applied. Typically, quantum circuits
end with a measurement operation, extracting information from the system by saving
the measured outcome on classical bits, which are also represented in the circuit by
registers. Due to the inherently projective nature of quantum state measurements, ex-
tracting meaningful information from a quantum circuit often requires reinitializing
the qubit state and repeating the circuit execution multiple times, sampling the out-
come probability distribution.
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do

qi

)

FIGURE 1.4: Quantum circuit for preparing and measuring a three-qubit GHZ state.
The qubit registers are labeled as g¢, 41, g2. The green box represents a Hadamard
gate, while the CX gate is depicted with a dot on the control qubit connected to a
plus symbol on the target qubit. Measurements on each qubit yield outcomes stored
in three-bit registers, which are visually combined into a single one for simplicity.

As an example, Fig. 1.4 shows a quantum circuit example using three qubits, imple-
menting a Greenberger—-Horne-Zeilinger (GHZ) state [86]. The state is initialized in
|000), evolving under the action of a Hadamard gate on go:

1
V2

Concatenating two CX gates as in Fig. 1.4 yields to:

H |000) = — (|000) + [100)). (1.22)

) 1
Cxucxmﬁ (1000) + 100)) = Cxlzﬁ (1000) + |110)) 1.2

— L 1000y + 111)),

V2

where bottom-indices specify which qubits are involved in the transformations.
When double indices are present, the first one indicates the control qubit, and the
second one the target qubit.

The state in Eq. 1.23 is entangled in such a way that measuring one qubit in the
system will uniquely determine the state of all other qubits, collapsing all in state |0)
or |1). Under ideal conditions, in the absence of noise, sampling from a GHZ state
will lead to only two possible outcomes out of the 2" computational states. GHZ
states are widely used in quantum information as a benchmarking tool for quantum
processors [87] and possess remarkable properties for quantum sensing, as discussed
in Chapter 3.

Quantum circuits composed of variational gates (such as parametrized rotations
Ry (), Ry(), R;(8), or controlled-rotations) are named Variational Quantum Circuits
(VQCs) and they have a central role in the development of quantum algorithms
for solving optimization problems. A VQC implements a unitary operation U(6)
parametrized by an array 6 of degrees of freedom. For instance, in the Variational
Quantum Eigensolver (VQE), the circuit is designed to prepare a trial state that
approximates the ground state of a molecular Hamiltonian, with the parameters
optimized to minimize the expected energy. Similarly, the Quantum Approximate
Optimization Algorithm (QAOA) employs a layered ansatz where alternating appli-
cations of cost and mixing Hamiltonians, with corresponding parametrized gates,
guide the system toward high-quality solutions of combinatorial problems. In the
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realm of quantum machine learning, VQCs implement quantum classifiers and
generative models by encoding classical data into quantum states and iteratively
adjusting parameters to improve model accuracy [88]. In general, VQCs might effec-
tively combine machine learning and quantum sensing by learning data-informed
transformations to achieve an advantage in the experiment.

1.2.3 Open system dynamics

Qubits, regardless of their physical implementation, are subject to noise and nontrivial
interaction with the environment, causing decoherence and leading to errors in the
preparation, control, and readout of their state. To describe the dynamics of a qubit as
an open system, it is convenient to express qubit states in a more generic form than the
one in Eq. 1.5, which only represents pure states, by referring to the density operator
p defined as:

p= ;Pi [Wi) (il , (1.24)

where p; are probabilities associated to m pure states |i;). The operator p, also known
as density matrix, generally describes mixed states as a weighted ensemble of pure
states, is characterized by Tr(p) = 1, and evolves under unitary transformations as:

p(t) = U(t)pU'(t), (1.25)

where U(t) is the unitary operator.

For a Markovian process, where the time derivative of the density matrix dp(t)/dt
depends only on p at time f and not on its history, the evolution of an open quantum
system is governed by the Lindblad master equation [89], also known as the Lindbla-
dian form:

dp i s 1.4
P _ a4 (zLile- Lo, p}) , (1.26)
it~ h L 2

where H is the Hamiltonian of the system, and L; are called Lindblad operators, rep-
resenting specific noise channels due to coupling with the environment. In qubits, de-
coherence manifests itself as two phenomena. The first is energy relaxation, in which
the qubit emits energy to the environment, transitioning from the higher-energy state
(1)) to the lower-energy state (|0)), (with spontaneous excitation usually being negli-
gible). The second process is dephasing, during which the phase coherence between
the computational basis states is lost. For a single qubit, the Lindblad operators are

Ly = VT10) (1] = Tho- (1.27)

for energy relaxation and

Ty
L, = - 0z (1.28)
for dephasing, where I'; and Iy are the rates that characterize the time scales after
which the amplitude and phase information are lost. Qubit relaxation T} = 1/I;

and dephasing Ty = 1/T'y are important parameters for a qubit, as the qubit remains
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10) 10)
D),
y y
X X
11) 11)
(A) Relaxation and dephasing. (B) Relaxation and dephasing while rotating.

FIGURE 1.5: Bloch vector evolution of a qubit starting from p; = |+) (+]| (green dot)

under relaxation and dephasing, until stopping in p; = |0) (0[ (red dot). (A) Static

case, the Bloch vector is confined to the xz plane. (B) In the presence of a continuous
rotation around 2.

usable for timescales of approximately min (T, Ty). Conventionally, the overall co-
herence time of a qubit is labeled as T, and is defined as:

I, -1 1 1\ !
T, = (2 +r4,> = <2T1 + T¢> . (1.29)

It is worth noting that a qubit state initialized as pure, when progressively undergo-
ing relaxation and dephasing, becomes mixed, and its vector moves from the Bloch
sphere’s surface to its inside. In this case, the coordinates of the Bloch vector r; derive
from p as follows:

ri =Tr(po;), i€ {x, y, z}. (1.30)

An example of a qubit state dynamics under relaxation and dephasing is depicted in
Fig. 1.5.

When considering the evolution over a finite time interval At, the solution to the
Lindblad master equation yields a completely positive trace-preserving (CPTP) map.
This map encapsulates the overall effect of the environment on the quantum state and
can be expressed in the Kraus representation as

p(t+At) = ZKip(t)Kj, (1.31)

where the set of Kraus operators K; comprises the noise channels and satisfies the
completeness relation £;KIK; = I. This representation is particularly useful for mod-
eling the effect of noise at the gate level and to simulate the outcome of noisy circuit
sampling experiments. For a single qubit, Kraus operators can be written as:

, (1 0 . (0 7
KO—<O \/ﬁ) K1—<O 0> (1.32)
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for relaxation, and

1 0 0 0
Kg:<0 m) Kf:(o ﬁ) (1.33)

for dephasing, where v and A are probabilities of amplitude and phase damping, re-
spectively. Other noise channels may be utilized for modeling depolarization, phase
flip, bit flip, and bit-phase flip. Upon extending the formalism to multi-qubit scenar-
ios, quantum gates can be equipped with these noise channels, allowing the numerical
propagation of errors into noisy quantum circuits, achieving an approximate simula-
tion of real hardware effects.

Multiple noise channels can be applied when evolving a density matrix p. For in-
stance, we can let p evolve under relaxation and dephasing by considering discrete
small time steps and alternating the transformations

Az pl = Ap") = Kpp' (Kp)' + Kip' (K})T, (1.34)
D:p = D(p') = Kip'(K3)" + Kip' (K)". (1.35)

This approach would approximate the time evolution of p governed by the Lindblad
master equation as in Fig. 1.5.
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Chapter 2

Superconducting qubits and
transmon regime

Implementing a qubit physically, the ability to control it accurately, and performing
measurement operations pose significant technological challenges, starting with the
choice of platform. For example, trapped-ion qubits offer high reproducibility, long
coherence times [90], and precise control. However, the control speed is low and suf-
fers from scalability challenges (i.e. engineering multi-qubit devices) [91]. Photonic
qubits maintain coherence over long distances and operate at room temperature, but
executing multi-qubit operations is challenging due to the absence of photon-photon
interactions [15, 92]. Neutral atom qubits [14] benefit from inherent uniformity (since
all atoms are identical, similarly to the trapped ions case), scalability, and long coher-
ence times. However, their control tends to be slow and requires highly precise optical
manipulation. Superconducting qubits, on the other hand, allow for fast operations
and benefit from mature lithographic and microfabrication techniques that facilitate
scalability and engineering of the individual qubit properties. Their main drawback
is that they typically exhibit shorter coherence times with respect to the platforms
mentioned above, and must operate ina cryogenic environment, at temperatures of a
few-millikelvin.

In the current state of technology, the optimal platform choice ultimately depends on
the target application. For the physics goal of this thesis, leveraging superconducting
qubits is motivated by their well-known coupling to photons and the possibility of
customizing each qubit’s properties, making it the ideal candidate to probe photon-
coupled dark matter candidates discussed in Chapter 3.

In this chapter, we present an overview of the superconducting platform, focusing on
the fundamental mechanisms that enable superconducting qubits and the theoretical
framework used to describe and predict their key parameters. We also introduce the
coupling mechanism between qubits and readout systems, as well as the generation
of entanglement between qubits.

2.1 LC oscillators and transmon qubits

Superconductivity is a condition in which a material exhibits zero electrical resistance
and expels magnetic fields. This behavior can emerge in certain materials when
their temperature drops below a material-dependent threshold, namely the critical
temperature (T¢).

In 1957, the Bardeen—Cooper—Schrieffer (BCS) theory [93] modeled the microscopic
origin of superconductivity. This theory explains that superconductivity emerges
when electrons create specific bound states, the so-called Cooper pairs, overcoming the
Coulomb repulsion. The bosonic nature of Cooper pairs allows them to condense into
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a coherent quantum state described by a single wave function

¥(r) = /nee, (2.1)

where 7. is the Cooper pair density, and 0 is the wave function phase common to all
pairs. The vector r is a spatial coordinate variable.

In the absence of electrical resistance, a current flowing into a loop will circulate for
an infinite amount of time. Under a magnetic vector potential A, the current density
of Cooper pairs can be written as

2m*

j o Gl (hVG—A) 2.2)

where e* ~ 2¢ and m* ~ 2m, are the effective charge and mass of the Cooper pair, m,
being the electron mass. By imposing that J is null inside the bulk of a superconductor,
we derive VO = e*A/(ch). This condition leads to the quantization of the magnetic
flux concatenated within the loop area, which is calculated by integrating A over the
infinitesimal tangent vector dl as

@ = fAdl e fvedl 1~ 2.3)
e* 2¢’
where 7 is an integer. The concatenated flux in a loop is therefore quantized in units

of ®g ~ 2.067 x 10~ Wb, called magnetic flux quantum [94].

2.1.1 Superconducting LC oscillators

One of the building blocks of superconducting quantum architectures is the quantized
LC oscillator, consisting of a linear inductance (L) and a capacitance (C) in parallel.
The quantum system can be understood starting from the Hamiltonian of a classical
LC circuit:

QZ

H=>s + — (2.4)

where Q and @ are generalized coordinates Corresponding to the charge on the capaci-
tor and the time integral of the voltage across the inductor (or conductor), respectively,
satisfying the Poisson bracket {®, Q} = 1. Promoting Q and ® to quantum operators
leads to

, @?

H= el + Tk (2.5)

where [®, Q] = ih. Eq. 2.5 can be recast in terms of the Cooper pair excess number
across the capacitor n = Q/2e and the reduced flux variable ¢ = 27D/ Py:

/\

. 1
H = 4Ecn® + EEquz. (2.6)

Here, Ec = ¢?/(2C) is the charging energy, i.e. the energy needed to bring an electron
in a Cooper pair to the other island of the capacitor, and E; = (P/27)?/L is the in-
ductive energy term.

Solving for the Hamiltonian eigenvalue problem in Eq. 2.6 gives an infinite set of
eigenstates equally spaced in energy Ex;1 — Ex = hw,, where w, = /8EcEL/h =
1/+/LC is the resonance frequency of the circuit. In terms of creation and annihilation
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operators, defined as

1 0\, 41 & 0
”‘m(@ m) “‘m(@“@)’ @7)

it is possible to rewrite the Hamiltonian of the quantum LC oscillator as [95]
H=hw,|daa+ 5 (2.8)

This description applies to various superconducting resonator geometries, such as
three-dimensional (3D) cavities or coplanar waveguide resonators (2D). The latter are
particularly relevant for this thesis as they are an essential building block for the quan-
tum architectures discussed in Chapter 5.

The Coplanar Waveguide (CPW) Resonator

Coplanar waveguides (CPWs) are transmission lines consisting of a central signal
conductor and two ground conductors printed on the same side of a dielectric sub-
strate [96]. Terminating a signal line with open or short ends determines the bound-
ary conditions of the oscillator and, together with other properties such as dielectric
permittivity and geometry, determine the resonance frequency of each mode, spaced
by w, /2 [97].

For a transmission line with negligible resistance and conductance, a traveling signal
with voltage V = V(x,t) and current I = I(x,t) satisfies the telegrapher’s equa-
tions [98]:

1% ol

— =—-L;—, 2.9

ox Yot 29)

ol oV

= _C— 2.1
where L; and C; are the inductance and capacitance of the transmission line per unit

length.
By differentiating with respect to x both terms in Eq. 2.9 and combining with Eq. 2.10,
we retrieve a wave equation for V:

2V 2V
Frea T

=0. (2.11)

Similarly, differentiating Eq. 2.10 and combining with Eq. 2.9 we retrieve:

021 021

= = =5 = 0. 2.12
General solutions for one-dimensional waves signal moving in the forward (+) and
backward (—) directions are:

V(x’ t) — V-I-ei(kx—wf) + V—ei(—kx—wt)/ (213)
1 . ,
I(x,t) = - [V+el<’<x—wf> - V‘el(_kx_‘“t)] . (2.14)
The "—" sign in Eq. 2.14 accounts for the fact that the currents associated with the

forward and reverse voltage waves are in opposite directions. The characteristic line
impedance is defined as Z = +/L;/C, often designed to equal 50 (). This can be
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€r

FIGURE 2.1: Coplanar waveguide structure (not to scale) of length L, consisting of a

metallic (dark gray) central conductor with width w and two ground planes on both

sides at a distance s (also denoted as gap) deposited on the surface of a dielectric

substrate (light gray) with dielectric constant €,. The metal layer is a thin film of

thickness t ~ 100 nm [99, 100], while the substrate thickness & can be hundreds of
pm.

achieved by tuning the CPW geometrical parameters, such as the central conductor
with w and gap s depicted in Fig. 2.1. In particular, C; and L; depend on w and s as
follows: "
K(-2_

( w+25 ) (2‘1 5)

k(1= @)

w?
_ @K< 1- (w+25)2>
4 K(gis)
where K indicates the complete elliptic integral of the first kind.

CPWs can acquire resonant modes by engineering boundary conditions at both ends.
Two cases are particularly relevant for coplanar architectures:

C; = 4epe,

L (2.16)

* Two floating ends: At any time t (assuming standing waves) the current in
Eq. 2.14 must satisfy I(x = 0,¢t) = I(x = L,t) = 0. Substituting the x = 0
condition leads to V' = V=~ = V), meaning that the voltage of the forward and
backward signals must be the same. The zero current at x = L leads to:

et — ¢=*L — 2isin(kL) = 0, (2.17)

which is true for:
kL=nm; n=0,1,23, .. (2.18)

Expressing the angular wavenumber k in terms of the mode wavelength A (k =
27t/ A), we obtain
_m

L
2

(2.19)
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with frequencies
nv n

fo=or = 2L/L,C

where v = 1/+/L,C; is the wave phase velocity. The factor of 2 in the denomina-
tor indicates that the length of a CPW with two floating ends corresponds to half
the wavelength of its fundamental resonant mode. CPW resonators exhibiting
these boundary conditions are commonly referred to as A /2 resonators. Another
consequence of V™ = V~ is that the potential in Eq. 2.13 can be expressed as

(2.20)

Vix, t) =2V, cos(kx)e’i“’t, (2.21)

meaning that the voltage has a 71/2 phase shift with respect to the current: to a
current node corresponds a voltage maximum (or minimum), and to a voltage
node corresponds the maximum of the current flow (in either direction).

* One floating end and one grounded end: Assuming the grounded end atx =0
and the floating one at x = L, the boundary condition are, for any time ¢, V(x =
0,t) =0and I(x = L,t) = 0. Applying the first condition to Eq. 2.13 we obtain
Vt = -V~ =V, while applying the second one to Eq. 2.14 leads to

et o=KL — 2 cos(kL) = 0 (2.22)

thus, the condition is satisfied for
1
kL = (n + 2) w, n=0,1,23.. (2.23)

yielding
(2n+1)A

L= ,
4

(2.24)

with mode frequencies

fr = (ZnZLl)v _ (2n+1) ‘ (2.25)
4L/L,C;
In contrast with the two floating ends case, the factor of 4 in the denominator
in Eq. 2.24 indicates that the length of a CPW with one floating end and one
grounded end corresponds to a quarter of the fundamental mode wavelength
at n = 0. CPW resonators with these boundary conditions are commonly ad-
dressed as A /4 resonators. The voltage equation can now be written as

V(x,t) = 2iVysin(kx)e ", (2.26)

meaning that voltage and current through the CPW still have a 77/2 phase dif-
ference, as in the case mentioned above.

Fig. 2.2 represents the field intensity distributions along the CPW resonators for the
nontrivial mode with the lowest frequency in the A/2 and A/4 cases. To match the
same resonant modes, a A /2 CPW resonator needs to be twice as long as its A /4 coun-
terpart, without considering other effects such as load capacitances that are discussed
in Section 5.2.2.
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(A) CPW with floating ends. (B) CPW with grounded and floating ends.

FIGURE 2.2: Schematic illustration of first-harmonic voltage and current profiles in

coplanar waveguide (CPW) resonators with different boundary conditions. The volt-

age V(x,t) oscillates with amplitude Vinax. (A) For the A /2 resonator, the central con-

ductor disconnects from the ground plane at both ends. (B) For the A/4 resonator,

one end of the central conductor is connected to ground while the other remains de-
tached.

2.1.2 Josephson effect

The capacitive and inductive terms in Eq. 2.5 are linear, i.e. they remain constant with
respect to the generalized coordinates Q and ®. Instead, it is possible to introduce
nonlinear inductive elements to break the resonator’s harmonicity, in such a way that
multiple eigenmodes with distinct resonant frequencies are still present, but no longer
evenly spaced in energy. In this case, transitions between levels become uniquely
identified, making it possible to operationally isolate the first two eigenstates and treat
them as the computational base for a qubit. In other words, a superconducting qubit
is a quantum anharmonic oscillator in which the capacitances and inductances are tai-
lored to adjust the frequency separation between the |0) and |1) states.

A natural source of nonlinear inductance in superconductors is due to the inertia of
Cooper pairs, generating a kinetic inductance [101]. The energy stored by the moving
Cooper pairs increases non-proportionally with the current, resulting in nonlinear-
ity. This phenomenon underpins several applications, including microwave kinetic
inductance detectors (MKIDs) [102] and certain types of traveling-wave parametric
amplifiers (TWPAs) [103]. However, this inductive contribution is not strong enough
to provide significant anharmonicity to superconducting qubits with typical material
choices. For instance, kinetic inductance is present in CPW transmission lines (dis-
cussed in Subsec. 2.1.1), but is negligible compared to the linear geometric inductance
of the structure.

Another source of nonlinear inductance is provided by the Josephson effect [104] aris-
ing in Josephson junctions. This kind of nonlinear inductance is widely used in super-
conducting qubit implementations, as it can be engineered to create enough nonlinear
inductance to dominate kinetic and geometric inductance terms in the system.

Josephson junction

Josephson junctions are fundamental components in superconducting quantum archi-
tectures, as they typically constitute the dominant —and nonlinear— inductive term for
qubits. The Josephson junction consists of two superconductors connected by a weak
link, which can be an insulator (S-I-S junction) [105], a normal, non-superconducting
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metal (S-N-S junction) [106], or other physical obstacles at the point of contact, such
as semiconductors [107], ferromagnetic materials [108], or superconducting constric-
tions (microbridges) [109]. The most common type of Josephson junction in qubit
architectures is a S-I-S consisting of two aluminum conductors separated by a thin
aluminum oxide layer. Cooper pairs can travel between conductors through quantum
tunneling [110], hence the time evolution of the quantum states defined for the two

superconductors
Yi(r,t) = \/ne (x, 1) Y, (2.27)

Yo(r,t) = \/ne(r, t)eiBZ(r't), (2.28)

collectively evolve as ¥ = (¥, ¥»)" under the Hamiltonian:

~  (E K
% — <K1 E2> (2.29)

where E; and E, are the potential energies of the Cooper pairs in the two conductors,
such that for a voltage V across the junction, E, — E; = 2eV. The term K is a charac-
teristic constant of the junction that quantifies the tunnel effect.

From the Schrodinger equation, we derive:

6, . h dng o N2 i(6,—6;)
" g at =Rtk net© ' &0
g, . h dng Ml i(61—6,)
h 7 +12nC2 T =E+K ncze . (2.31)

The Cooper pair density variation over time on the two superconductor must be re-
lated such that dn. /dt = —dnc /dt. Considering the equalities of the imaginary parts
in Egs. 2.30 and 2.31 we obtain

dng _dncz 2

T Tl EKV nang sin(6 — 01), (2.32)

and since the current I flowing through the junction is proportional to dn.; /dt:

I(t) = I.sin(p(t)). (2.33)

In Eq. 2.33, L is called critical current of the junction and ¢(t) = 6,(t) — 61(t) is the
phase difference between the Cooper pair states within the superconductors.
Considering the real parts in Egs. 2.30 and 2.31

doh 02

_hﬁ = El + K E COS(GZ — 61), (234)
0902 gk [P cos(0, — 6y), (2.35)
dt 02

and subtracting them, we obtain:

dp  2e K 02 01
5= ﬁV(t) -3 <\/;— \/;> cos(¢). (2.36)
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The terms p; and p, are the Cooper pair density. Assuming them to be very similar,
p1 ~ p2, the terms in the round parentheses cancel out, leaving:

dp  2e 21

i ﬁV(t) = cE}V(t). (2.37)
Egs. 2.33 and 2.37, known as Josephson equations, describe the current-phase relation-
ship across the Josephson junction. A notable consequence of these equations is that
for a voltage fixed in time V() = Vj, the phase difference ¢ evolves linearly with time,
resulting in an alternating current. For V) = 0, ¢ and I remain constant, and generally
nonzero over time. This means that a current can flow between two conductors at
the same potential without energy dissipation, manifesting the properties of a super-
conductor. This dissipationless behavior holds for steady currents I below the critical
current I.. When I > I, a voltage develops across the junction, making it a dissipative
element.
A remarkable consequence of the Josephson equations is that in the superconducting
regime, the inductance is nonlinear in ¢:

vV @
Li(¢) = T = 2l cos(g)’ (2.38)

making Josephson junctions suitable elements to introduce nonlinearity in supercon-
ducting oscillators.

The critical current can be measured at room temperature by leveraging the
Ambegaokar-Baratoff formula [111]

_ 7A(T) A(T)
I. = 2R, tanh <2kBT> , (2.39)

where A is the temperature (T)-dependent superconducting gap of the material, kp is
the Boltzmann constant, and R, is the junction normal resistance, which can be calcu-
lated as the ratio between a voltage difference applied to the junction and the resulting
current at room temperature, thus determining I..

Josephson junctions can be integrated into coplanar architectures, and engineering

the desired critical current Ic ~ 10 - 30 nA requires sub-micron electron-beam
lithography [112] to define junction areas on the order of 10! - 1072 um?. The two
most common approaches are the Dolan-bridge technique and the Manhattan-style
method [113].
In the Dolan-bridge technique, a suspended resist bridge enables two-angle
Al/AlOx/Al shadow evaporation. This process includes an in-situ oxidation
step to form the tunnel barrier. In contrast, the Manhattan-style method uses overlap-
ping electrode fingers patterned in a bilayer resist. This approach forms the junction
without requiring a suspended bridge. Precise control of resist undercut, evaporation
angles, and oxidation parameters is essential for junction uniformity and hence qubit
coherence. Although we acknowledge the high impact of fabrication on the qubit
performance, more detailed discussions of junction fabrication protocols lie beyond
the scope of this thesis.

2.1.3 Superconducting qubits

In Subsec. 2.1.2 we introduced the Josephson junction as a nonlinear inductive ele-
ment to implement superconducting qubits as anharmonic oscillators. By replacing
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FIGURE 2.3: Illustration of the transition frequencies up to the fourth excited state for
a harmonic oscillator and a transmon. (A) Harmonic quantum oscillator with Ec/h =
0.3 GHz and E; /h = 20 GHz, exhibiting equally spaced transitions at w,/(277) =
fr = 6.93 GHz. (B) Transmon with Ec/h = 0.3 GHz and E;/h = 20 GHz with
wo1/(21) = fo1 = 6.61 GHz, and a/(27r) = 0.33 GHz ~ E¢/h. The colored regions
represent the ¢-dependent wavefunction square module for each eigenstate.

the inducting term in Eq. 2.6 with a Josephson energy E; = (®/27)?/L;, we obtain:
H = 4Ech* — Ejcos(¢). (2.40)

Here, the capacitive energy is Ec = ¢?>/(2Cx), with Cy = Cs + C 7, where C; is the
capacitive shunt to ground and Cj is the stray capacitance of the junction. The cosine
potential in Eq. 2.40 differs from the parabolic one, shifting the Hamiltonian eigenval-
ues as shown in Fig. 2.3. Expanding the potential term up to the fourth power in ¢
near zero leads to

- 1. . 1.
~ 52 1 a2 4
H ~ 4Echn” + ZE](P 24 E](P . (241)
The negative sign in front of the quartic term indicates that the displacement between

the energy levels of |0) <+ |1) and |1) <> |2), respectively indicated as wy; and wyy, is
such that

w1y —wpr = a <0, (2.42)

where « is defined as the qubit’s anharmonicity. In terms of creation and annihilation
operators, recalling Eq. 2.7, we can recast the Hamiltonian into

~ \/8E Ecita — = (a +at), (2.43)

and, applying the rotating wave approximation (RWA) [114, 115], i.e. neglecting fast
oscillating terms in the Hamiltonian in the interaction picture, we are left with

~ \/8E;Eca‘a — 7a ataa. (2.44)

Consequently, the qubit’s anharmonicity « is approximately equal to the charging en-
ergy Ec, and wo; =~ (1/8EjEc — Ec)/h. The shunt capacitance Cs plays a fundamental
role in trading off the anharmonicity and the susceptibility of the qubit to charge noise.
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FIGURE 2.4: Transmon energy levels as a function of the offset charge n, for different
Ej/Ec ratios. Larger Ej/Ec suppresses the energy dispersions, making the qubit
resilient to charge noise.

On a physical device, the kinetic term in Eq. 2.40 can be rewritten to elucidate an offset
charge term in units of Cooper pair charge n,

H = 4Ec(f — ng)* — Ejcos (). (2.45)

Increasing the shunt capacitance Cs decreases the charging energy Ec. This re-
duction leads to an exponential suppression of charge dispersion, making the energy
levels less sensitive to fluctuations in n,. However, as C; increases, the anharmonicity
decreases approximately in inverse proportion to C;. The regime of interest for this
thesis is the one in which the ratio of the Josephson energy is chosen to be E;/Ec ~ 40
- 120, keeping an anharmonicity in the range a/ (277) ~ 100 - 400 MHz for qubits with
frequencies wp /(27r) ~ 1-10 GHz. This operating regime is known as the trans-
mon regime, and qubits designed under these conditions are referred to as transmon
qubits [116]. Fig. 2.4 illustrates the effect of capacitive shunting on energy levels.

An important extension of the standard transmon qubit discussed so far involves
making the qubit tunable in frequency. This is achievable by replacing the Josephson
junction with a DC superconducting quantum interference device (DC-SQUID), con-
sisting of two parallel Josephson junctions [95]. A consequence of the flux quantization
discussed earlier in this Sect is that in a SQUID loop the sum of the flux contributions
must satisfy, in units of @,

0, — 6, + 2¢ext =2nn, (2.46)

where 6; and 6, are the junction contributions and ¢ex: is an additional term arising
from a concatenated flux in the SQUID loop originating from external sources. This
relation removes one degree of freedom and allows us to model the SQUID as a single
effective junction, with an inductance depending on ¢ext.

The Hamiltonian of a transmon qubit becomes

H = 4Ech? — Ejx \/Cosz(mpext) + d2 sin? (7T epext) COS (). (2.47)

By biasing the SQUID with a DC current, it is possible to tune the inductive energy
of the transmon, modifying its transition frequencies. In Eq. 2.47, Ejx = Ej1 + Ejp,
where Ej; and Ej; are the maximum inductive energy of the individual junctions. The
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FIGURE 2.5: Flux-tunable transmon transition frequencies wy; as a function of the
concatenated flux ¢ex; in the SQUID loop, with Ec/h = 0.2 GHz and E oy /h =
15 GHz. Scatter points indicate operational sweet spots for different values of d.

d parameter is related to the junction asymmetry v = Ej»/Ej; defined as

v—1

= —. 2.48
r+1 248)

The presence of an asymmetry in the SQUID junctions is fundamental in transmon
qubits, as it modifies how the energy levels vary with ¢ey, making it more or less
robust to flux noise, trading off the qubit’s frequency span [117] as exemplified in
Fig. 2.5. For d > 0 (i.e. v # 1), the transition frequency slope dwyi/d¢pext has two
minima in @ex¢ = 0 and ¢exr = (—)0.5 that are suitable working points to implement
two-qubit gates, idling, or general optimized operations, known as sweet spots.

While the transmon qubit is a popular choice in many research and industrial ap-
plications, other operating regimes and alternative superconducting qubit platforms
are also available. For instance, lowering E;/ Ec leads to the conventional Cooper pair
box regime [118], featuring high anharmonicity, but remaining more susceptible to
charge fluctuations, leading to significantly lower coherence times. Another distinct
approach is provided by flux qubits [119, 120], which harness the persistent current
states in superconducting loops, offering a different balance between anharmonicity
and noise sensitivity. More recently, the fluxonium architecture [121] incorporates a su-
perinductance to achieve a rich, highly tunable energy spectrum reaching a few tens
of MHz, with higher anharmonicity than the transmon at the cost of more complex
manufacturing.

2.2 Control and readout

The precise control and accurate readout of transmon qubits are fundamental to the
advancement of superconducting quantum technologies. Transmon control involves
manipulating its state using microwave pulses, which is necessary for implementing
quantum gates and algorithms. Furthermore, measuring the qubit state is crucial for
extracting meaningful information from the system. This section introduces standard
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FIGURE 2.6: Circuit diagram of a transmon qubit capacitively coupled to a drive
source Vj(t).

techniques for implementing high-fidelity control and readout in transmons, which
are as essential for quantum computing as for transmon-based detectors.

2.2.1 Implementing single-qubit gates

Quantum gates are implementable on transmon qubits through microwave pulses,
steering the qubit’s dynamics to reach a desired state. Considering a transmon qubit
capacitively coupled to a drive channel, a new term in the system’s Hamiltonian ap-
pears [95]:
A Cy A
Ha=G7 c, Va(t)Q, (2.49)
following from Kirchhoft’s laws applied to the circuit depicted in Fig. 2.6, under the
assumption C; < Cs. The term Cj is the effective capacitance between the drive
channel and the qubit.
Recalling Egs. 2.7, the charge operator can be written as Q = —iQypi(4 — &%), where
Qzpt = \/11/(2Z) is the zero-point charge fluctuation, with Z the impedance of the
circuit to ground. By making a two-level approximation, we can truncate 4 and 4" into

2 X 2 matrices
. ~ (01 ot + (00
a—o = (0 0> , a—=ot = <1 O> , (2.50)

so that the driven transmon Hamiltonian is approximated with
« 1
H= —Ehwmaz + hQZ)d(t)Uy, (2.51)

where
Ca szf

QO = V=t
O(C2+Cd)'

(2.52)
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and V;(t) = Vyu,(t). In the frame rotating at the qubit’s frequency, the Hamiltonian
becomes .
Hy = hQoy(t) (cos(wyt)oy, + sin(wat)oy ) - (2.53)

Separating v,;(t) into the in-phase (I) and quadrature (Q) components,

(t) (cos(¢) sin(wp1t) + sin(¢) cos(wpt))
(t) (Isin(wmt) + Qcos(wmt)),

vy(t) =s
a(t) (2.54)

=5

where s(t) is the pulse envelope, substituting in Eq. 2.53 and applying RWA, we obtain

the following formula for the drive Hamiltonian

» Q 0 ol (dwt+9)
Hd ~ _hgs(t) <e_i((5t+(P) 0, ) Y] (255)

with § = wp; — wy. For a drive pulse that is resonant with the transition frequency
(bw = 0), we are left with

Hy~ —h%s(t) (Iox + Qay) - (2.56)

Eq. 2.56 means that resonant pulses induce rotations about the x and y axes of the
Bloch sphere, depending on the phase term ¢: in-phase pulses will implement R,,
and quadrature ones Ry, as defined in Eq. 1.10. The rotation angle depends on the du-
ration of the pulse, its envelope, and its strength (), making it possible to implement
the desired gates, such as the X gate (NOT), which is obtainable through a 7r-pulse, i.e.
a pulse resulting in a rotation angle of 7r. Rotations around the z axis can be achieved
using Euler’s decomposition R;(8) = Ry(7/2)Ry(6)Rx(—7/2). Alternatively, R, can
be applied virtually, i.e. shifting the phase of the I and Q components, effectively ad-
justing the qubit’s phase reference.

In terms of variation of excited state population P,(t), under a continuous drive in
the two-level framework, the transmon experiences Rabi oscillations described by the
following equation [122]:

S (mt>

By fixing t = 71/() and varying J, we observe a symmetric diffraction pattern with a
peak centered at 6 = 0, as shown in Fig. 2.7. The envelope of gate pulses is a funda-
mental component that needs to be tuned to increase fidelity in transmons. In partic-
ular, due to the typically low anharmonicity («/wp; < 0.1), square or Gaussian pulses
in the frequency domain may partially overlap with the wiy frequency, causing leak-
age errors (i.e. the transmon state is taken out of the qubit’s subspace). Dephasing also
occurs, caused by the repulsion between the |1) and |2) energy levels, which in turn
changes wq;. These effects can be mitigated by modifying s(t) through procedures
such as the Derivative Reduction by Adiabatic Gate (DRAG) [123] or optimal control
techniques [124].

The performance of a single-qubit gate implementation is often assessed in terms of er-
ror rate through the randomized benchmarking protocol [125]. At the time of writing,
transmon-based quantum devices have reached errors per single-qubit gate around
10~* on average [126-128] with pulse lengths ~ 10 ns.
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FIGURE 2.7: Excited state population of a qubit for a continuous and constant-
amplitude drive at time t = 77/(), for different qubit-drive detunings and O3/ (27) =
10 MHz.

2.2.2 Transmon state dispersive readout

Transmon qubit measurements are usually performed using the dispersive readout [129]
technique, which involves coupling the qubit to a linear resonator mode, creating
qubit state-dependent frequency displacements in the coupled modes. The system
Hamiltonian can be written as

H =T+ Hr + Hine, (2.58)

where 7:[,1 and H, are the uncoupled qubit and resonator terms, and Hine is the in-
teraction term. Assuming a purely capacitive coupling term, the circuit diagram is
represented in Fig. 2.8.

The energy stored in the coupling capacitance is Co(V; — V,)?/2. Expanding the
quadratic term yields the coupling Hamiltonian term:

Hine = CgV1 V. (2.59)
In the limit C; < Cy, C, and using Egs. 2.7, the interaction term becomes
Hine = —Ng(ar — a)) (g — a}), (2.60)

with the coupling strength ¢ defined for a A /4 readout resonator as

W=

_Ec (B &
8§=7, <2Ec> C—r\/Zhw,C,. (2.61)

Approximating the transmon to a two-level system and using RWA, we can write the
full system Hamiltonian as follows:

~ 1
H = Ehwqaz + hwr&jfz, + hg (U+er + (Lﬁ:) . (2.62)

Eq. 2.62 is known as the Jaynes-Cummings Hamiltonian [130], where ¢y and
o_ represent the qubit excitation and relaxation processes. In the regime where
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FIGURE 2.8: Circuit diagram of a transmon qubit capacitively coupled to a linear
resonator.

A = |wy —wy| € g, the qubit and the resonators are strongly coupled, allowing
excitations to transfer between the two periodically. In the opposite regime, called
the dispersive limit (A = |w, — wy| > g), the direct excitation transfer does not occur,
preventing the presence of the resonator from spoiling the qubit’s dynamics.

Using second-order perturbation theory in g/A, the Jaynes-Cummings Hamiltonian
can be written in diagonal form

N 1 1

where )

_ &
x="5 (2.64)

is named dispersive shift. Eq. 2.63 underlines how the effective resonator frequency be-
comes w;, + x when the qubit is in |0) and w, — x when the qubitis in |1). The qubit’s
frequency is now dressed, acquiring a Lamb shift term @; = w, + >/ A.

By coupling the resonator to a transmission line (feedline), it is possible to probe the
resonator frequency in terms of amplitude and phase displacement between input
and output signals traveling on the line. Sending a pulse at w, determines two dis-
tinct distributions in the IQ plane (in-phase and quadrature components) depending
on whether the readout resonator has frequency w, + x or w;, — yx, thus inferring the
qubit state, as depicted in Fig. 2.9. Since the interaction term xc4!4, in Eq. 2.64 com-
mutes with o, the qubit state collapses, preserving the computational basis, i.e. with-
out prior state alterations due to the readout procedure. This makes the dispersive
readout technique a quantum non-demolition (QND) [131] measurement.

The uncertainty in assigning the correct qubit states after the measurement is rep-
resented by the overlap between the blue and red distributions in Fig. 2.9b. The
spread of these regions obtained experimentally is given by a combination of mul-
tiple factors, including intrinsic quantum fluctuations (Heisenberg limit), qubit relax-
ation [132], added noise in the output amplification stages [103], the readout pulse
length and shape [133], and device miscalibrations, undermining the overall readout
fidelity. Also higher-order excitation levels of the transmon are expected to lower the
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FIGURE 2.9: Dispersive qubit readout principle. (A) Reflected scattering parameter

S11 in amplitude and phase, with w;/(271) = 5 GHz and x /27 = 500 KHz. (B)

Schematic view of the IQ response distribution for a probe signal with frequency

wy/(27). In this case, the reflected magnitude is equal for the |0) and |1) cases, but
the phase separation is maximal.
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readout performance [134].
An important correction should be applied to Eq. 2.64, by taking into account the pres-
ence of the second excited state:

2

3
X=AA+A/a) (2.65)

Since A/w is typically on the order of ~ 10, the dispersive shift is significantly reduced
with respect to the two-level approximation. State-of-the-art readout error rates for
transmons amount to 1072 - 1073 [132, 135, 136] with pulse lengths of 0.1 -1 ps.

2.2.3 Implementing two-qubit gates

As pointed out in Sec. 1.2, two-qubit gates are essential in multi-qubit devices to im-
plement arbitrary transformations of the overall qubit state in the full Hilbert space.
Two-qubit gates are often associated with the most critical operation in superconduct-
ing quantum processors because qubit interactions enrich the system’s dynamics, in-
troducing multiple spurious effects that lower the gate fidelity.

iSWAP gate

Assuming a direct capacitive coupling between qubits (labeled g; and g;), the interac-
tion Hamiltonian takes the same form as Eq. 2.60:

Hine = —hg(a; — al) (a2 — al). (2.66)
Approximating both qubits as two-level systems, we obtain
Hine ~ 11801032 = —hg (0 =07 ) ® (0f —03). (2.67)

Moving to the interaction picture of the non-interacting Hamiltonian and using RWA,
we are left with

Hine ~ g <ei(“’1_“’2)tafr(72_ + e_i(“’l_“’Z)t(Tf(r;> : (2.68)

When the qubits are resonant, i.e. w; = w», the unitary evolution of the two-qubit
state is [137]

0 0 0
cosgt —isingt 0

—isingt cosgt 0|’
0 0 1

U(t) = e 8(a tor el )t (2.69)

S O O

meaning that a periodical exchange in the |10) and |01) amplitudes occur. By utilizing
flux-tunable transmons, one can engineer iSWAP interactions by dynamically tuning
the qubits into resonance for a controlled duration 7, then detuning them to stop the
interaction. For T = 77/(2g), Eq. 2.69 corresponds to the iSWAP unitary in Eq. 1.17.

CZ gate

The CZ gate implementation leverages the presence of higher excitation levels in the
transmon. In a three-level approximation, we identify a ZZ interaction strength term
as

{zz = w11 — (w10 + wor), (2.70)
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where the first index indicates g; and the second one g,. The term (77 is generally
non-zero due to the presence of level |20) or |02) that, being close to the energy of
|11), introduce an Hamiltonian component proportional to 0,1 ® 0%, also denoted as
ZZ, due to avoided level crossing [138]. By preparing the transmons in state |11) and
varying the frequency of the first one towards the avoided crossing between |11) and
|20), the time evolution of the system in the computational basis will be a diagonal
operator of the form

1 0 0 0
0 efa 0

u - O O eielﬂ(l) O 7 (271)
0 0 0 it (1)

where the phase terms 61, 619 and 61; depends on the bias flux trajectory I(t), resulting
in controlled-phase (CPHASE) dynamic. For an interaction time t:

T
Gij(ln):/o wij(lz)dt, i,j=0,1. 2.72)

If we choose a trajectory /,; such that

/OT g(t)dt = mt =611 (Ix) — [6o1(Ix) + O10(Ix)], (2.73)
Eq. 2.71 becomes
1 _ 0 0 0
u= 8 31902)“”) eielg)(lﬂ) 8 (2.74)
0 0 0 et (7001 (1) +010 (1))

Upon device characterization, the terms 6y; and 6 can be reduced to zero by applying
single-qubit Z gates, leading to the same unitary expression as the CZ gate in Eq. 1.18.
Due to the Landau-Zener-Stiickelberg-Majorana effect [139], the flux variation driving
a CZ gate must sweep the qubit frequency slowly enough to ensure adiabaticity, i.e. to
prevent exchange between the |11) state and |20) or |02). As exemplified in Fig. 2.10,
in qubits with negative anharmonicity (such as transmons), the avoided crossing be-
tween levels |11) and |20) occurs before the |10) - |01) iSWAP, so that the dynamics of
the two process remain well separated.

ECR gate

The echoed cross-resonance differs from iSWAP and CNOT by not requiring tunabil-
ity in the qubit frequencies, being an all-microwave operation (i.e. driven by RF pulses
without DC currents generating external flux). A coupled two-qubit system with fre-
quencies wy, and wy,, where g is driven at w,, is described by the Hamiltonian [140]

= %hwazl + %hqulz +1ig (XX + YY) + 1O(t) cos (w,t + @)X, (2.75)

where ¢ is the coupling strength and the notation ZI indicates I} ® 035, IZ in-
dicates 01 ® I, and so on. Moving to the frame rotating at w;, and handling
non-computational levels through the Schrieffer—Wolff transformation, the effective
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FIGURE 2.10: Resonant modes of two transmon qubits coupled capacitively with
g/ (2m) = 35 MHz, as a function of the flux bias applied to one qubit in units of ®.
The circled avoided crossings are leveraged in implementing CPHASE and iSWAP.
The first (tunable) has Ec/h = 0.3 GHz and zero-bias Ej/h = 17 GHz. The second
(fixed-frequency) qubit has Ec /h = 0.22 GHz and E;/h = 15 GHz.

Hamiltonian becomes
N 1
Hett = ih (wZIZI + wizlZ + wzxZX + wixIX + wyIY + wZZZZ) . (2.76)

Each term in Eq. 2.76 contributes with components that are either static, drive-
induced, or both. Their magnitude can be evaluated through perturbative analysis.
The relevant term for the cross-resonance interaction is ZX, which, in the absence of
non-computational levels, the presence of a constant drive amplitude (2, and using
first order approximation in O/ |w,, — wy,|, is:

30

SRk E— (2.77)
|wth - wth’

Wzx =

The consequence of a nonzero ZX term is that g, experiences Rabi oscillations with a
frequency that depends on the gq; state, manifesting entanglement. In this sense, ¢; is
considered as the control qubit and g, the target. Terms other than ZX in Eq. 2.76 are
considered spurious and negatively affect ZX fidelity. The ZZ interaction includes the
static contribution described in Eq. 2.70 and an additional driven (i.e. (2-dependent)
component, which can be minimized either by leveraging specific design choices or
carefully engineering the qubit frequencies, anharmonicities, and coupling strengths.
More accurate estimations of the cross-resonance Hamiltonian component for a real-
istic device are reported in Sec. 5.3.

The remaining terms in the effective Hamiltonian generate single-qubit rotations that
need to be canceled out. This can be achieved through an echoed protocol [141] by
applying, in order:

1. A drive pulse of duration 7, amplitude () and phase ¢ on g;.
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2. A rmr-rotation on ¢.
3. A second drive pulse of duration 7, amplitude (2 and phase ¢ + 7T on g;.

The net effect of the echoed protocol is to cancel out the IX, IY, and ZI terms. The
remaining IZ can be suppressed by applying Z-rotations to ¢, as a final correction,
or adding operations to g, directly during the echo sequence [142]. Further improve-
ments may be achieved through active cancellation tones on g, [143], compensating
for single-qubit rotations not fully addressed in the standard echoed cross-resonance
protocol.

Regardless of the strengths and weaknesses of iSWAP, CZ, and ECR implementations,
in terms of gate fidelity [144], they are all proven to reach values close to, or above
99.9% [145-148].

2.3 Loss mechanisms

Superconducting qubits are subject to a variety of dissipation channels, each one con-
tributing to the energy relaxation time T; (and hence quality factor Q = w,T1). In
general, one can write the total relaxation rate

1
n_ﬁ_;n (2.78)

with each loss channel i contributing a partial quality factor Q; such that

1 1

Lo (2.79)
The dominant channels include dielectric loss, spontaneous emission into the readout
system and the environment (Purcell loss), quasiparticle tunneling, flux noise, and
direct radiative (antenna) loss. Other mechanisms, such as the motion of trapped vor-
tices and stray infrared (pair-breaking) radiation, can also impact qubits” relaxation.
The second decay time characterizing the qubit’s coherence is the dephasing time T,
capturing the loss of phase information between states |0) and |1), which is deter-
mined by charge and flux noise, photon shot noise, and Two-Level System (TLS) de-
fects in the oxide surfaces present on the device.
Transmon qubits have reached state-of-the-art coherence times on the order of a few
hundred microseconds [149-151], corresponding to Q ~ 10”. However, device repro-
ducibility is still challenging to achieve. Refinement of fabrication protocols, improve-
ment of design, and noise mitigation strategies remain open research lines.

2.3.1 Dielectric loss

Dielectric loss refers to the dissipation of electromagnetic energy in any insulating
material, typically characterized by the complex permittivity e(w) = €' — ie”, with

the loss tangent
1

tan(d) = (2.80)

e’
which encompasses all types of dissipative processes occurring in the dielectric sub-
strate or the oxide layers in a coplanar architecture, such as dipolar reorientation,
phonon coupling, impurity absorption, and surface-state relaxation [152].

A peculiar kind of dielectric loss is represented by two-level systems (TLS), i.e. defects
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(atomic tunneling centers, surface dangling bonds, trapped charges) in the material
that couple to the qubit. TLSs contribute substantially to dielectric losses in trans-
mons [153], as they can interact dispersively with the qubit, causing dephasing, or
introduce spurious energy exchange when resonant, creating T; dips. A characteris-
tic of TLS noise is its temperature-dependent behavior, as higher temperatures may
saturate some TLS, reducing the overall impact on the qubit.

The dielectric contribution to the overall quality factor of a qubit Qgjclec accounts
for the electric field intensity and distribution over different lossy materials. Given a
total stored energy W, the energy participation ratio (EPR) of the i-th dielectric with
volume V; is [154]

Re Re(e;) / IE(x)|2dV. 2.81)

The resulting inverse quality factor terms for each dielectric are 1/ Qgiclec; = pitand;,
thus

-1
Qdielec = (Z pi tan 5i> : (2.82)

For a typical 2D transmon, most of the capacitive energy resides in the vacuum/air
above the metal layer and the substrate. However, since the electric field diverges at
the metal edges, surface oxides have a non-negligible impact on Qgjelec, €specially due
to the large loss tangent values of oxides. The typical values for the loss tangents and
the thicknesses of the surface oxides are reported in Table 2.1.

Loss tangents are heavily dependent on fabrication techniques, with their corre-

TABLE 2.1: Approximate surface-oxide thicknesses and microwave loss tangents at
T <« 100 mK for Al, Nb metals and high-resistivity Si, sapphire substrates [155-158].

Region Material-Interface Thickness tan o
(nm)

Metal-Air (MA) Al 5 1x1073
Nb 5 1x1072

Metal-Substrate (MS) AIl-Si 0.3 1x1073
Nb-Si 0.3 1x1073

Substrate-Air (SA) Si 2 5x 103
Sapphire 2 1x1073

Bulk substrate Si — 1-10 x 1077
Sapphire — 1-10x 1078

sponding impurity levels and defectivity, as well as the operational frequency and
temperature. Furthermore, separating the MA, MS, and SA contributions is chal-
lenging, often leading to large error bounds in the measurements. For these reasons,
the values reported in Table 2.1 should be intended as orders of magnitude rather
than precise benchmarks, and non-exhaustive (values for other metal choices, such as
NbTiN [159], TiN [160], and Ta [161], are not shown).

2.3.2 Purcell decay

A transmon qubit dispersively coupled to a readout resonator, which in turn is
coupled to a transmission line, experiences the Purcell effect, i.e. enhanced photon
emission (decay) mediated by the readout cavity [162]. In the dispersive regime
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(qubit-resonator detuning A = w,; — w;, > g, where g is the coupling strength), the
Purcell decay rate [163] is well approximated by

rPurcell, res ~ %k/ (2.83)

where k/(277) is the readout resonator linewidth.
The Purcell decay can potentially become the limiting factor in a qubit’s Ty, overcom-
ing dielectric losses. For this reason, trading off parameters g, k, and A is usually
required. Lowering ¢ and k would enhance the Purcell limit T; pyren at the expense
of slowing down the readout, affecting the dispersive shift x and narrowing the res-
onator linewidth.
In practice, Purcell filters [164] (which incorporate additional resonant structures or
impedance engineering strategies) are used to suppress I'pyreny While still allowing
for rapid measurement [165]. Purcell filters are designed to maximize the coupling
between the qubit and the environment (represented, for instance, by a feedline) at
frequencies close to w,/ (27), suppressing the coupling at w;,/ (27).
The presence of drivelines and fluxlines also affects the Purcell limit. A direct capac-
itive coupling C, to a transmission line with characteristic impedance Zy induces the
decay rate [166]
N w%CfZO
1—‘Purcell, cap ™~ CiZ (284)

For an inductive coupling with mutual inductance M, assuming that the inductance
of the qubit is dominated by the Josephson component L;:

w2 M?
LiZy -

I-‘Pur(:ell, ind ~ (2 85)

More generally, the Purcell relaxation rate through a linear environment is quantified
by
wpoo
Tpurcell = ?|<e| (g)|" Re[Y (wy)], (2.86)
where Y (wj;) is the admittance seen by the qubit at frequency w,/(27). Approximat-
ing the qubit to a harmonic oscillator, Eq. 2.86 simplifies to

Re|Y(w
1—'Purcell ~ [C(Zq)] (287)

2.3.3 Quasiparticle losses

Quasiparticles (broken Cooper pairs) in the superconducting film can tunnel across
the Josephson junction, causing energy relaxation. In thermal or non-equilibrium
regimes, the quasiparticle density (14p) normalized by the Cooper pair density is [167]

n
9P
= 2.
P T ONGA (2.88)
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where A is the metallic superconducting gap and N is the normal-state density of
states at the Fermi level. The dominant relaxation rate refers to the |0) — |1) transi-
tion, which, for a perfectly symmetric flux-tunable transmon, is

B @ 2A 1+ cos(@ext)]
Top = — Xapy o = . (2.89)

Eq. 2.89 underlines how the impact of quasiparticle loss depends on flux. How-
ever, residual terms arise from the SQUID asymmetry. In the fixed-frequency case,
cos(@Pext) ~ 1.

Additional decoherence mechanisms include quasiparticle recombination, diffusion
out of the junction region, or phonon-mediated energy exchanges. Dephasing also oc-
curs in quasiparticle tunneling when it does not induce transitions. Quasiparticle for-
mations have been demonstrated to limit qubit coherence times [168, 169], although
they are generally less impactful than dielectric losses.

2.3.4 Other loss channels

In addition to dielectric, Purcell, and quasiparticle channels, transmon qubits suffer
small but ultimately limiting losses from purely electromagnetic and radiation-driven
mechanisms, discussed below.

Radiative antenna losses

Radiative losses arise because the qubit’s capacitor pads and wiring form an effec-
tive microwave antenna, coupling energy from the circuit into free space or package
modes. The 2D transmon radiative behavior can be approximated by a dipole [116],
which in free space would emit with a rate

2,3
dwq

127eghcd” (2.90)

Itad =
The chip packaging (sample holder) is designed to suppress spontaneous emission by
enclosing the qubit in a metallic cavity with modes (often referred to as box-modes)
at frequencies far above w;. Sub-optimal sample holders may spoil the qubit’s perfor-
mance in the presence of box-modes below < 10 GHz.

Magnetic vortex motion

Trapped Abrikosov vortices [170] in the superconducting film move under microwave
currents, dissipating energy via flux-flow resistance. Recent measurements in niobium
devices at millikelvin temperatures show that vortex motion limits the T; to hundreds
of microseconds for 1 mG of trapped field, becoming negligible with respect to dielec-
tric losses in the presence of a magnetic field shield [171].

Stray pair-breaking radiation

Photons in the infrared or blackbody radiation above ~ 100 GHz are absorbed res-
onantly by qubit antenna modes, breaking Cooper pairs and generating nonequilib-
rium quasiparticles. Resonant absorption of 4 K blackbody radiation through these
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modes produces quasiparticle poisoning rates sufficient to limit T; to ~ 1 ms in un-
shielded devices [172], but this limit can be overcome by using infrared-absorbing
filters.
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Chapter 3

Dark matter searches with
superconducting qubits

As discussed in Chapter 1, superconducting qubits are sensitive to the electromagnetic
fields and can be seen as powerful detectors for dark matter candidates that admit cou-
plings with few-MHz to few-GHz photons. These candidates coincide with the ones
searched in haloscope and RF cavity experiments, namely dark photon, axion, and
axion-like particles. This chapter presents notable experiments and detection schemes
that use transmon qubits to outperform conventional microwave experiments.
Traditional detectors typically rely on continuous linear amplification of the field emit-
ted by microwave cavities, a process fundamentally constrained by the standard quan-
tum limit (SQL) [173]. By contrast, transmon-based techniques offer improvements in
terms of signal-to-noise ratio and speed of the experiment. The two branches of inter-
est in this Chapter are based on QND, which was briefly introduced in Subsec. 2.2.2,
and direct energy exchange between the qubit and the dark field.

3.1 Quantum non-demolition detection

The dispersive interaction between a transmon qubit and a linear resonant cavity is
described by the Jaynes-Cummings Hamiltonian in Egs. 2.62 and 2.63. Upon factor-
ing out the operator ¢, in Eq. 2.63 and discarding the constant vacuum-energy offset
hixw, /2, we obtain

) 7
A = hwata+ 3 (a;q T 2;(@*@) o, (3.1)

meaning that the qubit frequency acquires a shift that is proportional to the number
of photons 4% stored inside the cavity. This is equivalent to the qubit acquiring a
precession term at rate 44y around the 2 axis on the Bloch sphere. Crucially, the inter-
action term in Eq. 3.1 commutes with the bare (uncoupled) Hamiltonians of the qubit
and the cavity. Therefore, when the qubit state collapses upon measurement, the res-
onator collapses to a Fock state, i.e. an eigenstate of 4" associated with a well-defined
number of stored photons. Repeated measurements of the qubit will not affect the
collapsed cavity state, which keeps preserving the photon-cavity interaction history
until the photons escape from the cavity and are lost in the environment. This non-
demolition mechanism enables suppression of error sources such as readout infidelity
and thermal noise through redundantly repeating the experiment within the photon
trapping timescale, improving the sensitivity to single photon detection.
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FIGURE 3.1: Ramsey parity measurement for QND photon detection in the zero and

one photon cases. From left to right, the qubit is initially prepared in |0), then a 77/2-

pulse is applied (blue signal). During the free-evolution time ¢, = 7/|2xs|, the qubit

state vector either remains in the same position (1, = 0) or makes half a turn around

£ (n, = 1). Applying a —7/2-pulse results in state |0) or |1) depending on the value

of ny,. The state is then read out via dispersive measurement on the readout cavity
(red signal).

3.1.1 Single-qubit QND dark photon detection

A remarkable demonstration of QND detection follows from [20], where a transmon
qubit was coupled to one cavity for dispersive readout and one for collecting photons,
namely the storage cavity. This setup allows detection of photons originating from
the dark-to-ordinary photon conversion mechanism, for dark photon masses myx that
are resonant with the storage cavity mode of interest, at frequency ws/27. The qubit
state, prepared in a superposition of |0) and |1), rotates around the 2 axis of the Bloch
sphere with frequency ﬁ;rﬁs Xs/27, where s is the storage cavity dispersive shift and
n, = a!d, the photon population:

() = 5 10+ ) 62)

The Ramsey measurement of the qubit state was structured as follows:
1. Prepare the qubit in |0).
2. Apply a 7t/2-pulse to bring the qubit to (|0) + [1)) /+/2.

3. After waiting a time t, = 71/|2xs| apply a —7/2-pulse (differing from 71/2 by a
phase flip).

4. Measure the qubit state through the readout cavity.

If n, = 1, after a time ¢, the qubit state rotates around Z by an angle 77, so that apply-
ing a —71/2 pulse send it to |1) instead of returning to |0), as graphically depicted in
Fig. 3.1. More generally, this procedure maps the qubit in state |0) when the number
of photons in the storage cavity is even (making 1, /2 full turns around 2), and in state
1) when odd (making 7,/2 full turnes plus a half turn around Z).

Being a non-demolition measurement, repeating steps 1 to 4 does not affect the stor-
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age cavity state, as long as the photon(s) remain trapped in the cavity, meaning that the
qubit should also collapse to the same state. Different qubit measurement outcomes
will be given by dark counts and noise, rather than a change in the photon population
number in the storage cavity. Thus, repeating the procedure m times, each with a false
positive rate pgp, the probability of registering false positives will be exponentially
suppressed, scaling as pp.
In [20], using a three-dimensional storage cavity with a quality factor of Qs ~ 2 x 107,
with a corresponding decay time above 500 ps, the parity measurement was repeated
more than 30 times, reducing the noise to 15.7 dB below SQL. This measurement re-
sulted in an exclusion limit for the dark photon kinetic mixing of € < 1.68 x 10715 at
90% C.L. in an integration time of ~ 8 s, by far surpassing any of the experiments
mentioned in Chapter. 1 for a narrow frequency band around 6.011 GHz. This photon
number resolving detector was also leveraged to initialize a cavity in the Fock state
|np = 4> [174]. With respect to the thermal state, when a cavity is in a Fock state, it
experiences enhanced spontaneous photon emission and absorption mechanisms in-
duced by dark matter, resulting in increased sensitivity to €, proportionally to 7,.
Possible future directions leveraging the powerful mechanism of QND photon de-
tection involve the use of multiple, entangled qubits coupled to the same storage cav-
ity. For instance, assuming identical qubits and coupling strengths to the cavity, a
GHZ state (introduced in Subsec. 1.2.2) composed of N qubits acquires a phase term
enhanced proportionally to N [7]:

_ 1

V2

Consequently, since the SQL noise contribution remains unchanged, the detector now
requires a delay between the 77/2 and —7t/2 pulses that is reduced by a factor N.

On the other hand, multi-qubit entangled states are generally harder to preserve over
time, and typically decay much faster than single-qubit states [175]. This is important
to consider, ensuring a GHZ lifetime significantly larger than t,/N. Other quantum
states may be more resilient to noise, providing further advantage, such as squeezed
states [173, 176].

lp(t)) (\00...0) + e 2mlaINE 1>) : (3.3)

3.1.2 Adaptation to axion and ALP detection

A critical challenge in extending the use of superconducting quantum devices for
axion and ALP searches is their incompatibility with the strong magnetic fields
required for axion-photon conversion. Unlike dark photon detection, which can be
carried out without external fields, axion-photon conversion typically requires fields
on the order of a few tesla. These fields are detrimental to most superconducting qubit
circuits, as even microtesla-level magnetic fields can detune the qubit and undermine
its coherence [177]. Therefore, it is necessary to isolate the qubit from the magnetic
field while still enabling it to interact with the microwave signals generated by axion
conversion.

The standard practice in superconducting circuit design involves multiple layers
of magnetic shielding, typically alternating high-permeability materials (such as
mu-metal or Cryoperm) and superconducting enclosures (like aluminum or niobium
cans) to reduce spurious magnetic fields [178]. However, these layered shields are
insufficient against the intense magnetic fields produced by multi-tesla solenoids.
Research is ongoing into flux-resistant qubit designs and new superconducting ma-
terials that could tolerate higher magnetic fields [177, 179]. An architectural solution
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FIGURE 3.2: Representation of a QND axion detection scheme. The axion field g,
interacting with the magnetic field B inside the haloscope, produces a photon (7)
and a virtual photon (7*). The photon is absorbed by a tunable storage cavity (green),
inducing a phase precession in the qubit (blue) state. Repeated photon detection is
achieved by performing parity measurements via the readout resonator (red).

consists of using an aperture-coupled dual-cavity design, where electromagnetic
mode engineering allows the qubit sensor to reside in a magnetically shielded area,
yet remain coupled to the relevant cavity mode [180]

One other promising strategy is to spatially separate the qubit from the axion-photon
conversion site. Instead of detecting stored photons, it is possible to capture axion-
conversion photons as traveling or itinerant signals [181]. These can then be detected
by a qubit-cavity system located away from the magnetic field. This technique,
demonstrated in [182], enables one or multiple QND photon detectors to operate
outside the high-field region. When an itinerant photon reaches a cavity containing
a photon, it is reflected with a phase difference that depends on the qubit state. This
interaction is equivalent to a CZ operation between the photon and qubit phases,
which can be inferred without destroying the photon.

In a different experimental approach described in [22], the axion conversion cavity
was placed inside a 2 T magnetic field, while the transmon photon detector was
located beyond the fringe field and connected via a low-loss coaxial cable. This setup
allowed for efficient single-photon detection without the use of QND. Instead, it
utilized a four-wave mixing (4WM) process to convert the signal frequency to a tone
resonant with the qubit, thereby driving a transition from the ground to the excited
state.

To improve scalability for multi-qubit axion detectors, similarly to the ones used in
QND dark photon searches, the device described in Subsec. 3.1.1 could be redesigned
in a coplanar architecture [183], as depicted in Fig. 3.1. In this scheme, a photon emit-
ted from the haloscope would enter a resonant storage CPW cavity, enabling repeated
Ramsey parity measurements. However, this approach introduces challenges, such as
a reduced quality factor in the storage resonator, which limits photon trapping time.

3.2 Direct dark field detection

A second class of light dark matter detection techniques is based on the direct inter-
action between the corresponding EM-coupled dark field and a qubit, driving tran-
sitions between levels without intermediate passages such as photon conversion in
cavities [21, 184]. This concept belongs to a broader context of DM-induced transi-
tions of different kinds spanning different energy scales. Examples include transitions
across the band gap in semiconducting or dielectric crystals, between molecular or-
bitals, and materials with spin-orbit coupling [185].
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In the context of transmon qubits, resonant dark photon and axion fields induces a
Rabi oscillation between energy levels. For simplicity, the transition rates derived in
this Section will only consider the computational states |0) and |1). However, the
results may straightforwardly extend to the higher-order levels of superconducting
qubits.

3.2.1 Dark matter-induced Rabi oscillations

Due to the different coupling mechanisms, the DM-induced qubit dynamics follow
separate derivations based on whether the field has a dark photon or axion-ALP na-
ture. Both derivations are presented below, closely following [21] for dark photons
and [186] for axions-ALPs.

Dark photon direct detection

The interaction term in the QED Lagrangian for electrons is
Lint = Ell_)e')’y (Ay + eXy) e, (3.4)

where ¢, Ay, and X, are the electron, photon, and dark photon fields, respectively.
The natural unit convention is adopted, so that c = i = 1, and the dark field contribu-
tion is weighted through the kinetic mixing strength €.
Assuming a unique wavelike mass term my (i.e. the dark photon mass), the dark vec-
tor potential field is

X = Xny cos(mxt). (3.5)

Here, nx is a unit vector carrying directional information and X the oscillation ampli-
tude, linked to the local DM density ppm:

ppm = ~m5 X2 (3.6)
Following the Maxwell-Faraday equation, the dark component of the electric field on

the qubit is
0X

Ex = o = emxnxX sin(mxt), (3.7)
therefore:
Ex = €v/2ppmny sin(mxt) = Exnx sin(mxt). (3.8)

Another component of the electric field should be taken into account, due to the pack-
age’s reactive field. The qubit is enclosed either within the readout cavity itself (if the
architecture is three-dimensional) or a metallic sample holder containing the whole
quantum device (if the architecture is two-dimensional), acting as a cavity [187]. In
both cases, the DM-induced field causes electron motions on the walls of the cavity,
creating a field Egy such that the total electric field on the walls vanishes. Due to
mx > 0, Ex and Egy propagate with a different dispersion relation, meaning that a
perfect net field cancellation occurs only at the cavity walls and not inside its volume.
The total effective field acting on a qubit is therefore

Eef = Ex + Epm, (3.9)

with a package term k

jup]

cff (3.10)
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typically close to one for cavities with resonant modes far from my. The effective
electric field can be written as

Eeff = Eeffneff sin(th) = keprDMneff sin(th). (3.11)

Rewriting the free transmon Hamiltonian in terms of the voltage difference across the
junction element V leads to

= %CZVZ — Ejcos (). (3.12)

By adding the voltage difference induced by DM, Vit = [Ee cos(®) sin(mxt), the
interacting part of the transmon Hamiltonian becomes (up to the first order in €):

Hint = Cs VdE s cos(®) sin(mxt). (3.13)

The term [ corresponds to the effective distance between the qubit’s capacitor plates,
and O is the angle between ng¢ and the qubit’s electric dipole moment vector. Recall-
ing the expression for the annihilation and creation operators in Eq. 2.7, and substitut-
ing the relation V = Q/Cs, we obtain

o [ Wg .
V_Z”TCE (a a), (3.14)
and Eq. 3.13 becomes

. . Ce . -
. — q i 1 — "
Hint 1\/T1Eeff cos(@) sin(mxt) (” ¢ ) (3.15)

= 12y sin(mxt) (fl - ﬁ*) ,

with
1 [w,Cs Vw,C
=5 d ZlEeff cos(®) = %pDMlke cos(@). (3.16)
In the two-level approximation, a and a' truncate to ¢~ = |0) (1] and ¢ = [1) (0],
respectively. Since (¢~ — ") = —ioy, the total Hamiltonian can be written as
A 1 .
H= 5Wq0z + 21 sin(mxt)oy, (3.17)

which has the same form as the driven qubit Hamiltonian in Eq. 2.51, meaning that
the dark photon interaction is equivalent to a drive microwave tone with frequency
my for the qubit. More explicitly, the time evolution of the qubit state |¢(f)) can be
obtained by solving the Schrodinger equation

. d .
i 19(0) = Aly(e), (3.18)

where we can write |i(t)) separating the time-dependent ground and excited states
amplitudes P, (t) and ¢, (t):

w0 =0 0) + v = (50). 319)
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The right side of Eq. 3.18 becomes

. 1 —i2nsin(mxt)\ (Pe(t)
Alpt)) = (., 249 i X>(8> 3.20
B0 = (gt ot ) (09 (8.20)
We can remove the diagonal terms in the Hamiltonian by moving to the frame rotating
at w, /2, applying the unitary
e i 0
U(t) = 0 Ge (3.21)

so that

.d 4]’ (t) _ 0 —127 Sin(ﬂ’lxt)eiwﬂt lP’ (t)
ar <¢§(t)> B <i217 sin(myt)e @it 0 ) <¢f(t)>, (3.22)

with 9} (£) = ¢/ 1y () and g)(1) = e/ 2 1ipe(1).
Assuming the dark photon mass to be resonant with the qubit (mx = w,) and applying
the RWA (dropping terms oscillating at 2w,), Eq. 3.22 simplifies to

A (e (DN (0 —in ()

(i) = (o 07) (o) 02
Considering a qubit initially prepared in |0), hence (0) = 1 and ¢;(0) = 0, the
solutions to Eq. 3.23 are:

WL() = cos(t);  l(t) = sin(yt). (3.24)
The probability of the qubit to collapse in |1) after a measurement is
2
VwgC
g@:mw%@<‘%fmwm@ﬂ. (3.25)

We assume that € is sufficiently small such that the resulting Rabi oscillations occur
on a timescale much longer than the system’s coherence time. Therefore, we consider
the regime 7t < 1, where the excitation probability exhibits a simple quadratic time
dependence instead of an oscillatory behavior, implying that the qubit undergoes less
than a quarter of a Rabi cycle during the experiment duration. The excitation proba-
bility becomes:

1
P.(t) = quCzpDMlzkzeztz. (3.26)

In Eq. 3.26, we also assumed the isotropy of the DM-induced field, taking the average

1

27 T
E/o d(p/o cos(©)?sin(©)dO = = (3.27)
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FIGURE 3.3: Representation of a 2D direct detection experiment suitable for dark

photon searches. The effective electric field in the cavity E.¢ present inside the metal-

lic sample holder (acting as a far-detuned cavity) drives the qubit (blue) time evolu-

tion. The qubit is read dispersively through a CPW resonator (red) coupled to a feed

line. A DC line biases the transmon SQUID to probe different frequency ranges. The
dipole length is indicated as d.

with ¢ the azimuthal angle.
Numerically, and in terms of practical units for an experiment, the excitation proba-
bility can be written as

C
P.(1) ~ 0.04K2 faq ) ( 5 > < PDM >
() ~ 004k <1GHZ 0.1pF /) \ 0.45GeV/cm?

) 2 ( € )2 t 2
X .
100 pm 10-11 100 ps

Because the dark-matter drive carries an unknown initial phase « relative to the qubit’s
own phase reference, the resulting Rabi oscillation of population between |0) and |1)
acquires an arbitrary phase offset. Equivalently, on the Bloch sphere, the state is rotat-
ing about an axis in the £{j-plane at an angle a from £. This is irrelevant to the evalua-
tion of P, (t) in this experiment, but it becomes an important element to consider when
adding gate sequences that act before or after the DM drive (see Sec. 4.1).

(3.28)

Axion and ALPs direct detection

The presence of an axion-like field modifies the dynamics of the electromagnetic vec-
tor potential A, so that it can be described with the Lagrangian:
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with p = 0, 1, 2, 3, where 1 = 0 refers to the time dimension and y = 1, 2, 3 to the
spatial components, and the derivative notation is equivalent to:

T
9 9 2 2
w=(3 & 2 2). (3:30)
In Eq. 3.29, the following gauge conditions are applied:
V-A=0; Ay=0. (3.31)

The vector A contains the three spatial components (1 = 1, 2, 3) of the gauge field.
The axion potential a affects the system’s dynamics when a magnetic field By # 0
exists, which we assume to be spatially homogeneous and constant over time. An
alternative view of the effect of the axion field is given by considering the contribution
of the axion to the electromagnetic current density [188], which acts as a wave source.
In the absence of background electric fields, this contribution is:

Jo = _gu'y'yBOata- (3.32)

Similarly to the dark photon case, we parametrize the axion field as a coherent oscil-
lation with amplitude a9 and mass term m,:

a(t) = agcos(m,t) (3.33)

Solving Maxwell’s equations inside a cavity with modes m, considering that the elec-
tric field E and A are conjugate variables and that E = —d;A, gives

A,y =-Y le (a + a*)Em(x), (3.34)
-y % (a _ 4t ) Ey(x), (3.35)

where wy, /27 is the mode frequency and E,;, is the electric field spatial profile normal-
ized such that

/ En(x) - Em (X)X = G- (3.36)

By solving for the time evolution of 4 and 4" in the Heisenberg picture and substituting
into Eq. 3.35, one obtains

2

E(t,x) = cos(mat)z< ) Qa0 Em / En (x')Bod®x ) (3.37)

m2

which, by choosing the electric field orientation to be along the Z-axis, can be reparam-
eterized as
E(t,x) = cos(mat)aoga|Bo k2. (3.38)

The term k is a package coefficient which, as in the dark photon case, can be assumed
to be of order unity. With Eq. 3.38 being in the same form as for the dark photon case
(Eq. 3.11), the derivation of the qubit dynamics remains unchanged, resulting in an
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excitation probability over time of

1
Cs ODM

P(f) ~ 0.11k% | -

e(t) <1ueV> (0.1pF) (0.45GeV/cm3>

y i 2 @ 2 Sayy 2 ¢ 2
100 pm 1T 10-10 GeV ! 100ps ) -

A fundamental challenge for the axion case with respect to the dark photon, as for
the QND detection scheme, is the presence of a magnetic field. However, for direct
detection experiments, the field must necessarily be present on the qubit region. Us-
ing thin-film Al/AlOx/ Al junctions, transmon qubits are reported to have coherence
times that stay above 1 ps up to fields approaching 1 T, when the field is parallel to the
qubit plane (with a perpendicular stray component of a few mT) [177]. Other studies
involve hybrid nanowire superconductor-semiconductor-superconductor junctions,
creating transmon qubits with a decay and dephasing time of a few-hundreds ns in a
1 T magnetic field aligned with the wire [189]. Transmon qubits with graphene-based
junctions exist [190], but addressing their limited coherence remains a challenge.

(3.39)

3.2.2 Experimental considerations for direct detection

The direct detection technique benefits from a considerably reduced technological
overhead with respect to other qubit-based detectors, especially for the dark photon,
as the required setup is essentially the same as in quantum computing applications. A
schematic representation of a possible 2D architecture compatible with the experiment
is depicted in Fig. 3.3. Moreover, a frequency-tunable transmon enables fast and eas-
ier broadband (at least a few hundred MHz) probing compared to experiments using
tunable high-Q cavities. The latter typically result in competitive exclusion limits in
terms of € or g;,+, but only for narrow frequency bands (< 1 MHz), meaning that the
experiment must be repeated several times, probing several small frequency intervals
to carry out a broadband search. Another notable advantage of direct detection is that
the excitation probabilities over time, P,(t), do not depend on the cavity volume. In
particular, the DM-induced power in a cavity grows with its volume (for instance, see
Eq. 1.3). However, the volume of the cavity reduces at higher frequencies, decreasing
the signal-to-noise ratio in cavity-haloscope experiments as the cavity shrinks. Fig. 3.4
illustrates the principles of a direct detection search experiment, based on the pres-
ence of a continuous, low-power Rabi drive induced by dark matter, summarized in
the following steps:

1. Prepare the qubitin |0).

2. Let the qubit evolve for a time 7.

3. Measure the qubit, which collapses either in |0) or |1).
4. Register the outcome.

Steps 1 - 4 are repeated multiple times to estimate the qubit excitation probability for
a fixed frequency. The experiment is then repeated at different flux biases, varying
the qubit frequency to search for the resonant qubit-DM condition. The experimental
signature consists of an excess of |1) state outcomes for a particular frequency. Upon
ruling out spurious effects introduced by the experimental setup and on-chip impu-
rities, such a resonant behavior may be explained by the presence of a beyond-SM
oscillating electric field.
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FIGURE 3.4: Rabi oscillation sampling from a qubit continuously interacting with
a resonant electromagnetic wave induced by dark matter (dark photon, axion, or
ALPs). From left to right (top), the qubit is prepared in |0) and undergoes a slow
Rabi evolution. After waiting for a certain time, the qubit is measured, and the out-
come populates the histogram (bottom). The qubit is then reinitialized in |0) and the
cycle repeats several times, estimating the observed excitation probability. The blue
and red signals represent the continuous action of the field to detect and the readout
pulse, respectively.
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Noise and dark counts

An important consideration is that Eqs. 3.28 and 3.39 do not account for the qubit’s
decoherence, which would damp the Rabi oscillation, resulting in a weaker signal to
observe. Also, the wave-like dark matter coherence time Ty is not considered, which
depends on the virial velocity dispersion vpy and the mass of the considered particle

m: 1
DM ~ 5 (340)

mopm

where vpy ~ 1072 in units of ¢ [191]. For m ~ 20 peV, roughly corresponding to
w/2m ~ 5 GHz, we obtain T ~ 100 ps, which is similar to time-averaged state-of-
the-art transmon coherence times in 2D architectures. Other detrimental effects to
the experimental sensitivity are thermal excitations, readout error, and initial state
preparation error.

¢ Thermal excitations: Cooper pairs obey the Bose-Einstein statistics, meaning
that for a finite temperature T, the probability of occupying the state |n) of a

transmon is
eEn /kB T

Z 7
where E, is the mode energy, kg the Boltzmann constant, and Z is the partition
function defined as:

pth = (3.41)

zZ=Y e En/ksT, (3.42)
m=0

At cryogenic temperatures, especially the ones reached by dilution refrigerators
< 50 mK, the populations of n > 1 states can be safely ignored for typical trans-
mon frequencies (fiw,; < kpT), therefore:

Pth ~ 1

e ~ m . (3.43)

Despite modern dilution refrigerators achieving mixing chamber temperatures
below 10 mK, reported effective transmon qubit temperatures usually saturate
around ~ 30 - 80 mK [192, 193], while ~ 20 mK have been reported for fluxo-
niums [194]. The effective qubit temperature could be further reduced by im-
plementing techniques such as sideband cooling [195]. This saturation effect can
be attributed to imperfect thermalization, cable-mediated heat transfer, and ra-
diative couplings. For w,/27t = 5 GHz an effective temperature of T = 35 mK
translates to a thermal population of P ~ 1.1 x 1073. When a qubit is initial-
ized in |0) (hence Pt resets to 0), it will reach the thermal equilibrium with a
time constant equal to the relaxation rate Tj.

* Readout error: As mentioned in Subsec. 2.2.2, even state-of-the-art high-
fidelity dispersive readout possesses an error rate between 1072 and 1073,
due to an effective IQ-plane overlap between |0) and |1) distribution, and
non-computational state leakage. More precisely, false-positives (i.e. measuring
|1) when the qubit collapsed in |0)) would contribute dark counts, and false-
negatives (i.e. measuring |0) when the qubit collapsed in |1)) would cause us to
miss true excitations. The combined action of the two effects on the observed
excitation probability P’ can be modeled as follows:

P = (1 — ren) P + rp(1 — P°), (3.44)
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where PI™¢ is the true qubit excitation probability and rgn and rgp are the false-
negative and false-positive probabilities.

¢ State preparation error: A crucial aspect of the experiment is the ability to pre-
pare the qubit in |0) with the highest possible fidelity. A qubit collapsing in 1)
instead of |0) will undergo a phase-shifted Rabi oscillation that impacts the ex-
citation probability sampling, thus adding background counts. Transmon state
reset techniques have been proposed, leveraging measurement-conditioned op-
erations [196], or other drive protocols [197, 198], reducing the residual excitation
probability to 2 x 1073, Alternatively, flux modulation in a tunable transmon can
be leveraged to transfer the qubit excitation to its readout resonator, achieving
residual excitation probabilities below 1 x 1073 [199]. It is important to note,
however, that this strategy relies on sufficient flux tunability of the transmon to
bring its transition frequency close to that of the readout resonator. Following
the reset operation, a large qubit-resonator detuning must be restored to sup-
press Purcell decay effectively during the dark matter-driven Rabi oscillation.
Therefore, a tunability range of a few GHz is required. This large tunability
comes at the cost of reduced qubit dephasing times when operating away from
flux sweet spots (see Subsec. 2.1.3), increasing the oscillation damping.

The modeling of the noise effects discussed above, along with frequency detuning
between the dark field and the qubit, is explored in Chapter 4. Additional factors,
such as fluctuations and potential long-term drift in the refrigerator temperature, as
well as variations in readout and drive fidelities, also influence the experimental re-
sults. However, analyzing and mitigating these effects falls outside the scope of this
thesis, as they depend strongly on the specifics of the experimental setup.

Fig. 3.5 presents a simulated Monte Carlo dark photon search experiment using realis-
tic transmon design parameters. Although the simulation does not account for many
of the noise effects discussed in this section, it clearly shows a peak in excitation counts
when the resonance condition is met. The histogram was generated setting a kinetic
mixing strength value as low as € = 2 x 1072, providing a preliminary estimate of the
sensitivity achievable by the direct detection technique. Nevertheless, the sensitivity
reached in a direct detection experiment is not expected to necessarily exceed that of
next-generation cavity or haloscope detectors and sub-SQL (such as QND detection)
techniques.

The potentialities of direct detection remain to be fully addressed, as they heavily de-
pend on delicate and generally hard-to-replicate parameters (such as the qubit decay
and dephasing rates), together with the qubit design, which determines Cy, and the
effective dipole length I.

3.3 Multi-qubit direct detection

Similarly to the QND detection case, it is possible to leverage entangled qubit states
to achieve a significant experimental advantage. Following the scheme proposed
in [200], a multi-qubit entangled state is prepared, which evolves coherently under
the coupling to the dark matter field for a duration 7. After this interaction period, a
decoding sequence of quantum gates is applied to map the accumulated phase infor-
mation from all the qubits onto a single qubit, which is then measured. The resulting
excitation probability exhibits oscillations that are significantly faster than those of a
single-qubit experiment. Consequently, in the regime where 7 is much shorter than
the Rabi period, the measured qubit’s excitation probability is enhanced, amplifying
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(B) Monte Carlo-generated experiment.

FIGURE 3.5: Simulated dark photon experiment, setting e = 2 x 107!2, Cy = 100
fF, mx = 5 GHz, ppm = 0.45 GeV/ cm?, and | = 100 um and assuming infinite
qubit and DM coherence and perfect state preparation. (A) Ideal qubit excitation
probability, without including thermal excitation and readout error rates. (B) The
Monte Carlo-generated search experiment includes the thermal population at T =
35 mK and a readout error probability set to 0.01. The true excitations collected in the
red histogram include the thermal background (the continuous distribution) and the
dark photon signal (the overlapping peak).
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the signal strength.
Considering a single qubit on resonance with DM, the unitary evolution of the quan-
tum state under the RWA is

. 71'0‘ .

[ cos(nt) e ™sin(nt)
Upwm(t) = <iei”‘ sin(nt)  cos(nt) )’ (345

where 7 is defined in Eq. 3.16 for dark photon-induced oscillations. Without loss of
generality, the following derivation can be extended also to axion-induced oscillations.
The term « introduced in Subsec. 3.2.1 corresponds to the phase difference between
the DM-induced drive and the qubit’s phase convention. This phase is unknown,
but for simplicity, we assume a = 0 for a preliminary derivation of the multi-qubit
enhancement scheme. In this case, the eigenstates of Upy (£« = 0) are

ps) = =
R
with eigenvalues e Following the derivation described in [200], we consider n

transmon qubits with the same transition frequency w, /27, each prepared in |¢).
The overall time evolution U} (f;« = 0) acts on [§+) as:

(10) £11)), (3.46)

+int

Upm(ta = 0)%" [a) ™" = =M1 [ip )" (3.47)

By implementing the encoding gate sequence of the quantum circuit shown in Fig. 3.6,
we end up in the state

1 n n
1) = = (19) "+ 19)"). (3.48)

which, after evolving under U%&(t; a = 0), becomes:
1
V2

The decoding gate sequence in Fig. 3.6 consists of applying a sequence of CX gates in
reverse order with respect to the encoding sequence. By knowing that

[¥2) = Upm (b, = 0)%" [¥1) = —= ("' [4) " e [p)™") . (349)

CXao ([9+) @ [9+)) = ([$+) @ |9+)), (3.50)
and
o ([9-) @ [p-)) = ([¢-) @ [9+)), (3.51)
the decoding sequence acts on |¥;) by disentangling the multi-qubit state:
_ 1 in —in ®(n-1)
W) = 5 (" pe) e M y-) ) @ 9 .

= (cos(ynt) |0) +isin(ynt) [1)) @ )" 7).

In other words, all the qubits end up in the |¢;) state except the first one, which
undergoes an effective Rabi oscillation that is accelerated by a factor n2. In the limit
nyt < 1, the excitation probability becomes:

Pl(t,a = 0) ~ n?yt2. (3.53)
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FIGURE 3.6: Entangled quantum circuit for enhanced DM detection. A system of n

qubits is prepared in state |'¥) through an encoding process. This state then evolves

over a time interval T under the influence of DM, represented by the unitary operator
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Eq. 3.53 can be compared with a system of 7 isolated qubits undergoing Rabi oscilla-
tions with an excitation probability P,(t) given by Eq. 3.28. The probability of observ-
ing at least one excitation in the system is nP,(t), which means that the experiment
with n coupled qubits would surpass the standard one by a factor 7 in terms of the
number of signal events.

For a more general derivation, relaxing the &« = 0 condition, we start by expanding
Upm(t, «) to the first order in 5t, which is valid for nt < 1:

0 eyt

LIDM(t,tx) =1+ ( ) + O(ﬂth)

ie'nt 0 (3.54)

=T+int(e ™ 0) (1] +¢™ 1) (0]) + O(17*#?).
In terms of Pauli matrices, and dropping the O(5%?) term:

Upm(t, &) = T+ iyt [cos(a) (|0) (1] +[1) (0]) + isin(a) (1) (O] —[0) (1])]

=1+int (cos(a)ax + sin(p()g’y) ) (3.55)

The time evolution on state |¥7) is

n . .

USH (ta) ~ T+ int ) (cos(a)a; + sin(a)a;) , (3.56)
i=1

where ¢l and (7; are the respective Pauli matrices acting on the i-th qubit. Using equa-
tions

Ox [pe) = £ |p), (3.57)
oy [Y+) = Fi|p=), (3.58)

the state |¥2) becomes:
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[¥2) = Uppyy(t «) [¥F1)

= 5 100" 1) it (cos(a) [p) * — isin@) [p-) )

3.59
+ innt(— cos(a) |+ ) =" +isin(a) [p_)*") (359)
= \1@ (14 igntcos(a)) |4 )" + \2 (I— innt cos(a)) [p_)*".
By applying the decoding sequence to Eq. 3.59, we obtain
1 ) e
[¥a) = 5 L+ iyntcos(e)) |94 @ [9:) "™
(3.60)

i . @(n-1)
+ 7 (I+ —inntcos(a)) [P-) ® [¢4) ,

which corresponds to Eq. 3.49 when expanding ¢’* and e~"I* up to the first order in
inyt and up to a cos(a) factor. Hence the excitation probability on the measured qubit
is:

P(t,&) =~ cos?®(a)n’n>t>. (3.61)

By taking the average of cos?(a) for a uniformly distributed a € [0, 27t], we finally
obtain the excitation probability:

1
Pl(t) = Enznztz. (3.62)

Eq. 3.62 still holds the dependence 12, preserving a signal enhancement factor of 1/2
with respect to n single-qubit experiments.

Despite the remarkable sensitivity of the multi-qubit state prepared in |¥;) to di-
rect dark matter signals, three major experimental challenges limit the effectiveness of
this enhanced detection scheme:

¢ Limited coherence time: An n-qubit maximally entangled state is more fragile
than single-qubit states, with a coherence time roughly scaling as 1/n [201]. As
a result, if the duration of the experiment 7 is limited by the coherence of the
n-qubit state rather than by the dark matter coherence Ty, any sensitivity gain
from entanglement is erased. On the other hand, if oy limits 7, the use of
entanglement becomes beneficial.

e State preparation infidelity: Preparing n qubits in the state |¥;) requires high-
fidelity in implementing the CX operation for all the consecutive pairs of a qubit
chain, which is generally challenging [175, 202].

¢ All qubits are resonant: The requirement of n coupled qubits maintained at the
same transition frequency introduces challenges from the detector design per-
spective. The quantum device must be designed to suppress spurious crosstalk
and unwanted resonant interactions, which is a non-trivial task. In addition,
each qubit frequency must be tuned and stabilized for the duration of the exper-
iment with great precision to ensure resonance.

These drawbacks add to the experimental challenges of the single-qubit direct detec-
tion experiment and motivate the search for alternative methods to achieve sensitivity
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advantages from entangled states. The method proposed in this thesis is detailed
in Chapter 4 and is designed to be fully compatible with modern hardware limita-
tions. The chapter focuses on describing the enhancement protocol and modeling the
expected advantage factor with respect to the single-qubit search in the presence of
noise.
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Chapter 4

Enhanced and noise-resilient direct
DM detection

This thesis is dedicated to developing enhanced direct dark matter detection strate-
gies, benefiting from entangled qubit states, while addressing the typical limitations
of quantum hardware in terms of gate fidelity, readout error, and scalability. Unlike
the enhancement protocol described in Sec. 3.3, where all the qubits involved are ex-
posed to the coherent drive induced by dark matter for as long as possible, this work
introduces a novel architecture comprising qubits designed as sensing (the ones ex-
posed to DM) and ancilla qubits. Ancilla qubits have the role of expanding the Hilbert
space of the computational quantum system, enabling gate-based protocols that map
the excitation probability accumulated in the sensing qubits into another observable
that is easier to sample. This technique differs fundamentally from previous ones re-
ported in the literature, and it effectively mitigates certain sources of dark counts, as
elaborated in the following sections.

4.1 Gate-based detection enhancement

The general idea of the ancilla-assisted protocol revolves around finding a convenient
set of gates that implement a transformation 7gnp:

[¥3) = Tenn (|'¥2)), 4.1)

where, consistently with the notation adopted in Sec. 3.3, we define [¥1) as the initial
state before the DM interaction, |¥;) as the state U5y x 1™ [¥) (with n and m the
number of sensing and ancilla qubits, respectively), and |¥3) the final state after ap-
plying the enhancement protocol.

Restricting, for simplicity, to the case with one sensing qubit and one ancilla (n = 1,
m = 1), the transformation 7,y maps the excitation probability of the sensing qubit
P, into an excitation probability P,. Supposing that we have run an experiment that
yielded an excitation probability P for a single qubit frequency, we introduce the
two hypotheses to be statistically discriminated:

* Hpy: null hypothesis — DM interaction was not observed.

* Hj: signal hypothesis — DM interaction was observed with strength parameter e
(in the dark photon case), or g,/ (in the axion case) at the qubit frequency.

For simplicity, we focus on dark photon detection experiments, which do not require
external magnetic fields acting on the qubit detector, referring only to the kinetic mix-
ing strength ¢ as a signal strength parameter from now on. We expect P> (e|H;) >
P (Hy), where H; and Hy coincide when e = 0, therefore, trivially, PO**(e = 0|H;) =
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PP (Hp). Also, since PP (e|Hy) is expected to grow monotonically in € because the
true excitation probability is proportional to €2, we can write the observed excitation
probability as a function of P, given either Hy or H;, where the following equation
holds:

P (P, > 0|Hy) > PP (Hy), (4.2)

with
lim P°>S(P,|Hy) = PP (Hy). (4.3)
e—0

To assess the sensitivity to the mixing strength €, we need to perform a statistical test to
discriminate whether the observed excitation probability is compatible with the null
hypothesis. Generally, the larger the difference between the observed probabilities
under Hp and Hj, the smaller the number of measurements required to discriminate
between the hypotheses. More specifically, the observed counts obey the binomial
distribution, with standard deviation defined as:

Pobs (1 — pobs
Cpos = \/ e(Ne) (4.4)

Therefore, the experiment becomes sensitive in discriminating Hy and H; when
P (Po|Hy) — Pe*(Hy) > 0pobs. (4.5)

If we implement a transformation mapping the qubit’s excitation probability to a dif-
ferent one, f : Pgbs — PP such that

PP (P,|Hy) — P°PS(Hp) > POP(P,|Hy) — PO (Hy), (4.6)

we obtain an experimental advantage, i.e. the same exclusion limit on € can be
achieved with a smaller number of measurements.

4.1.1 One sensing and one ancilla quantum circuit

A single qubit alone cannot satisfy the enhancement condition of Eq. 4.6 when using
only gate-based operations. Geometrically, as depicted in Fig. 4.1, any single-qubit
gate implements a fixed rotation on the Bloch sphere whose angles are set entirely by
the gate’s characteristics, rather than the initial state itself. The initial qubit state sim-
ply determines the initial point before rotation.
In order to implement the nontrivial, nonlinear transformations required by an en-
hancement protocol, we need to introduce at least one ancilla qubit. By entangling a
sensing qubit with an ancilla and then performing a projective measurement on it, we
partially collapse the joint Hilbert space. Depending on the outcome of this intermedi-
ate measurement, we can differentiate the following operations (post-selection). This
measurement-induced nonlinearity belongs to techniques in quantum machine learn-
ing acting on quantum input data [11, 203]: unlike classical data, where information is
always available and techniques such as data reuploading are possible [204], the input
state is already encoded as a quantum state and inaccessible.
Considering a two-qubit system consisting of a sensing qubit coupled to an ancilla,
we can implement a simple, yet powerful protocol described below, and shown in
Fig. 4.2. The initial state is:

1) = [0a0s), (4.7)
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1y

FIGURE 4.1: Non-trivial state vector transformation after applying the transforma-

tion Tonn with post-selection shown in Fig. 4.2, starting from a uniform surface distri-

bution. The change in the state densities, higher around |0), indicates the non-linear
nature of the transformation.

where we emphasize the position of the sensing (S) and ancilla (A) qubits in the overall
state. After the action of DM for a time T, the state becomes

0 SNAW
['¥2) = Upwm [¥1) = Cos<2> |040s) + sm<2>ew‘ |0als) . (4.8)
We note that active state reset techniques can be leveraged to prepare the ancilla qubit
in |04) right before the time interval T ends (i.e. after the action of Upy, see Fig. 4.2),
to minimize state preparation errors. In [¥5), 6 and « follow the Bloch sphere repre-

sentation, where 0 is related to P, and « is the DM-qubit phase difference.
By applying a CX gate targeting A and controlled on S,

CXsa “Y2> = CoS <g> ‘OAOS> + sin(i)ei“ ‘1A18> . (4.9)
Then, flipping S by applying an X gate, we obtain
0 . 0 in
XsCXsa |¥2) = cos<2> |0als) + s1n<2>e |140s) . (4.10)

The next step is to apply a CRY gate with angle p € [0, 71/2], with S as control and A
as target, obtaining state |¥3):

|¥3) = CRYsaXsCXsa |¥2)

= cos<'§> COS<2) 0a1s) —|—sin<‘§> COS(g) [1als) (4.11)
+ sin(i)em |1a0s) .

Finally, by post-selecting state |14) for the ancilla (i.e. the success condition), we de-
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FIGURE 4.2: Quantum circuit describing an enhanced direct detection protocol using

one sensing (S) qubit and one ancilla (A) qubit. The Rabi rotation induced by dark

matter is modeled through an RY(9) and a Phase gate of angle «. The ancilla measure-

ment outcome is stored in the classical bit Cp and determines the protocol’s success
or failure status.

rive

in( B 0 () pit
sin( 5 ) cos(3) |1als) +sin(5)e™ [140s)
¥ — <2> (2) (2) . (4.12)

i (8)" cos(8)” +sin(8)’

The probability of finding the sensing qubit in |0) is therefore

. 0 2
p= ; Sm(zl . (4.13)
sin(%) cos(%) +sin(%)
Since P, = sin(8/ 2)2, we obtain the following;:
P = Fe (4.14)

sin(§)2(1 “P)+P

which, for small initial probabilities P,, approximates P, sin(/2) -2 Recalling Eq. 4.3,
in the ideal case, the condition in Eq. 4.6 is always satisfied with a speedup factor of
sin(B/2) 2.

In the failure condition of the protocol, i.e. finding the ancilla in state |05) after mea-
suring |¥3), the state collapses into

#5) = [0als), (4.15)

which carries no information about the interaction with dark matter. The success prob-
ability of |¥3) grows linearly in P,:

2 2 2
. 0 A
Psyccess = Sln<§> COS<2> +Sln<2>
2 2
= sin(’[;) —|—cos<’§> P..

For small initial probabilities P, as we would expect for DM-driven interactions (see

2
Sec. 3.2), Psyccess is minimum. However, conveniently, the offset term sin (g) is never

(4.16)



Chapter 4. Enhanced and noise-resilient direct DM detection 63

1.0 4 — - i
2z S
= 7/
2 0.8 1 #7 . .
o 7 7/
Qo ,/
o .
o 0.6 1 i - ]
2 o
0.4 - = ] ]
£ ¢ B=02]
Ny -~
v 0.2 A “ = b :
c ¢ —_— P
© & g B
(= 04 /’ === Psuccess 1 === Psyccess 14 === Psuccess

0 02 05 08 10 0O 02 05 08 1.0 0 02 05 08 10
Pe Pe Pe

FIGURE 4.3: Probability P of measuring the sensing qubit in |0) when the enhance-
ment protocol succeeds (blue curve), and the protocol success probability Psjccess
(green curve), for different values of the controlled-rotation parameter j.

zero for B # 0, meaning that the protocol can always run with a nonzero probability
of success. The enhanced and success probability as a function of P, are shown in
Fig. 4.3.

Eq. 4.6 implies that an advantage is obtained when, for small P,,

dD(P,)
dP,

> 1. (4.17)

In the protocol described in this Subsection, the condition in Eq. 4.17 holds for
B < /2, and, as 3 tends to zero, the variation of P for small changes in P, increases.
On the other hand, lowering B also reduces Psyccess, making B a delicate parameter in
balancing the sensitivity gain and the protocol success rate.

Another observation from Eq. 4.16 is that Psyccess depends on P, meaning that also
the measurement of the ancilla qubit is sensitive to dark matter signal. Instead
of completely rejecting failed attempts during post-selection, we can include this
additional information in the analysis to further improve the estimate of P, by
leveraging the ratio of successes and failures of the protocol itself. However, due to
APsyccess/dP. < 1, the benefit of this added information to the overall sensitivity is
expected to be modest.

After measuring the ancilla qubit, in the success condition, hence being in state
|'¥3), we can apply an X rotation to the ancilla and the sensing qubits to end up in a
state that has the same form of |¥5), except for the different amplitudes associated to
|040s) and |0als). It is natural to ask whether further advantage can be obtained by
repeating the post-selection transformation multiple times. A straightforward calcu-
lation shows that, after m iterations, P and Psyccess are given by

B _f , (4.18)
in( 8
s1n(§> (1-P,)+ P
2k
m sin(g) (1-P.) +P,
Psuccess = (4.19)

2(k—1
k=1 sin(%) ( )(1 —P.)+ P,

The advantage in the increased slope of P is counterbalanced by the rapidly decreasing
value Psyccess, as it is composed of all the individual success probabilities of a single
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FIGURE 4.4: Quantum circuit equivalent to the one shown in Fig. 4.2, transpiled using
the universal native gates set {X, SX, I, RZ, ECR}, featuring only one two-qubit gate.

iteration. In general, no benefit would be obtained by repeating the protocol more
than once, even under an ideal noise-free condition.

We observe that the quantum circuit implementing the transformation contains
only a few gates. To better underline the NISQ nature of this protocol, we recast the
whole set of operations into an equivalent form using an example native gate set from
existing quantum devices: {X, SX, I, RZ, ECR}. The circuit is shown in Fig. 4.4, and
contains only one two-qubit gate. Due to the simplicity of this quantum circuit, the
enhancement operation is compatible with modern quantum superconducting hard-
ware capabilities, and the protocol here introduced can be considered fully NISQ-
compatible. We note that another popular native gate set, i.e. {X, SX, I, RZ, CZ} can be
used to rewrite the quantum circuit in terms of only one two-qubit CZ gate.

4.1.2 One sensing and two ancilla quantum circuit

Different gate and mid-circuit measurements useful for the detection experiment may
be accessible by further increasing the available Hilbert space by leveraging two an-
cilla qubits. The measurement schemes reported in this Subsection were found by
experimenting with different gate combinations. Despite not yielding a decisive sen-
sitivity increase with respect to the two-qubit scheme proposed in Subsec. 4.1.1, they
might be preferable to mitigate possible device limitations. Two protocols are pre-
sented below.

Concatenated enhancement protocol

A sensing qubit coupled to two ancillas can undergo the operation described in
Fig. 4.5. The main idea is to distribute the enhancement operation across the two
ancillas in a way that retrieves meaningful information when either only the second
mid-circuit measurement or both return a success. Before the first mid-circuit
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FIGURE 4.5: Quantum circuit describing an enhanced direct detection protocol using
one sensing (S) and two ancilla (A1, A2) qubits. Two mid-circuit measurements create
four success/failure combinations.

measurement, the quantum state is

|'¥s3) :cos(l;) cos<9> |0a20a11s) + sm<’§> cos<9> |0a21A11s)

1 0\ 1 0\
4+ —sin| = € ]0400410 +Sin<>e”" 0a21A10g) .
NG <2> |0420410s) 7 > 10421410s)

After measuring the first ancilla qubit (A1), imposing the success condition leads to

(4.20)

“PS> _ sin(g) cos($) |0A21j115> + % sin(§)e |0A21A108>' o
\/sin<g> cos(g)2 +3 sm(%)
Instead, imposing the failure condition, we obtain
B 0 0 izx
CcOoS 5 COS(Q) |OA20A118> —= 1n(§) |0A20A108>
"F§> - ( ) ) e . (4.22)
Jeos(8)" cos(8)? + bsin(8)’

Compared to the failure in the two-qubit scheme (Eq. 4.15), Eq. 4.22 retains informa-
tion about Upy. The states [¥35) and |¥%) evolve following the rest of the quantum
circuit. The A1 success and failure conditions are described below.
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* Al success: right before measuring A2, the state is
sin<§> cos( > cos(8) |0a21a11s)

2
\/sin(g> cos(g) osg +sm< ) cos% 2sm(%)2
) | (4.23)
Sin(g cos(5) [1azlails) + 75 sin(5)e™ [1a21a10s)

+ :
foin(8) cos(8) cos(9)” +sin(£) " cos(§)” + Lsin(3)’

If A2 collapses in |1a2) (A2 success), the final enhanced probability becomes

[¥4) =

1
3 1p
pP= 2 ° , (4.24)

sin(§)4(1 —P.)+ 1P,

characterized by a derivative of approximately sin(/2) ~*/2 for P, close to zero.
The success probability is

sm<§) (1-P.)+ 3P,
Psuccess = > ’ (425)
sin(g) cos(%) (1-P,)+ sin(%) (1—P)+ 3P

which, for small B (to maximize the slope of P), scales like sin(B/ 2)2. If A2
collapses in |0a2) (A2 fail), the resulting state carries no information about P,.

e A1 fail: analogously, before measuring A2, the state is
cos(é)zcos(%) 11a20411s)
\/cos<§>4 cos(%)2 - cos(g)2 sin(g)2 cos(%)2 + %sin(%)z
cos(%) sin(§> cos(9) |0a20411s) + % sin(§)e™ |1420410s)
\/cos(§)4cos(g)2 + Cos<§>zsin(§>2cos(g)2 + 5 sm(%) |

In the success condition of qubit A2, the final enhanced probability is

|¥4) =

(4.26)

1
3 ip
pP= 2 ° . (4.27)

cos<§>4(1 —P)+ %Pe

In this case, the derivative in P, ~ 0 becomes cos(B/ 2)_4/ 2, and the success
probability is

cos(§>4(1 —P.) + 3P,
cos(5> (1-P,) +cos(5>zsin(§)2(1 —P,)+ 3P

which scales like cos(f/2). If A2 collapses in |0a2) (A2 fail), similarly to the
previous case, the resulting state carries no information about P,.

, (4.28)
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TABLE 4.1: Trade-off between sensitivity to P, and the conditional success/failure
outcomes mid-circuit.

Ancillal Ancilla?2 dp Occurrence
dP,

Success  Success  Very high Very unlikely
Fail Success Moderate Moderate
Success Fail 0 Moderate
Fail Fail 0 Likely

Upm |¥2) |¥3)

r—%
= o) =& Ry

. : =

2, 0 1
C = ®
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FIGURE 4.6: Enhanced direct detection protocol using one sensing (S) and two ancilla
(A1, A2) qubits. Information from Upy is retrieved without measuring the sensing
qubit.

Overall, concatenating the enhancement protocol by performing two mid-circuit mea-
surements on Al and A2 leads to four possible configurations. Since, generally,
should be small to achieve an advantage (see Fig. 4.3), the tradeoffs between success
probability and sensitivity to P, can be roughly summarized as in Table 4.1.

Numerical simulations carried out in the ideal (noise-free) regime indicated that this
multipartite scheme offers no clear performance benefit over the two-qubit implemen-
tation. However, as the parameter §is varied, the protocol sensitivity to different types
of noise changes significantly. This three-qubit protocol offers tunability between the
four possible success-fail combinations and may be optimized to mitigate noise ef-
fects, potentially achieving enhanced performance with respect to the two-qubit case
in realistic, noisy environments.

Ancilla transfer protocol

Figure 4.6 illustrates an alternative sensing protocol that is equivalent to the two-qubit
scheme described in Subsec. 4.1.1, but which does not require measuring the sensing
qubit. In this design, the excitation probability P, is coherently transferred from the
sensing qubit to the first ancilla. Consequently, when engineering the qubit-readout
resonator couplings, one can prioritize high-fidelity readout on the ancilla while al-
lowing the sensing qubit to be weakly coupled, suppressing Purcell-induced relax-
ation and possibly allowing for increasing the Rabi oscillation time T of the experi-
ment. A weak coupling between the sensing qubit and a readout resonator may still
be required to calibrate the qubit frequency at each flux bias point. From state |¥,) in
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Fig. 4.6:
0 SNAAW
|T2> = CoSs (2) ’0A20A105> + Sll’l(z) et ‘OA20A118> . (4.29)

After applying the entangling gate sequence, before measuring A2, the quantum state

becomes
0
[¥3) = COS<§> cos(2> 0A21A10s)

Y 0\ ;
+ sin<§> COS(Z) |1A21A105> + sin<2>e“" |1A20A115> .

After measuring A2 and identifying the outcome |14,) as success, the quantum state
partially collapses into a form equivalent to |¥3 ) in Eq. 4.12, except that P can now be
inferred by measuring Al.

(4.30)

4.1.3 Two sensing and one ancilla quantum circuit

From a scalability standpoint, the direct dark matter search experiment could ben-
efit from deploying multiple identical two-qubit devices operating in parallel, each
implementing the enhancement scheme described in Subsec. 4.1.1, thus enabling an
increased data acquisition rate. Further enhancement is achievable by coupling a sin-
gle ancilla to multiple sensing qubits, utilizing the fact that the free Rabi evolution
time T ~ 100 ps is expected to be much longer than the duration of the enhancement
protocol ~ 1 ps. By coupling two sensing qubits (51 and S2) to the same ancilla (A),
we can let S1 and S2 evolve under Upy at the same time, then apply a two-qubit en-
hancement between S1 and A, then a second enhancement between S2 and A. The
quantum circuit is depicted in Fig. 4.7.

Applying an X gate is required if the first mid-circuit measurement succeeds, i.e. the
ancilla qubit collapses in |14 ), as shown in the first conditional block of the quantum
circuit. Identifying a speedup factor per qubit G of the two-qubit enhanced scheme
(compared to the base experiment consisting of uncoupled qubits), the speedup factor
when coupling multiple sensing qubits to the same ancilla grows following

i oaat—1
G =2G o (4.31)

where 7 is the total number of physical qubits in use.

4.2 Impact of noise in the enhancement protocol

The objective of this Section is to develop a numerical simulation framework to quan-
titatively assess the performance gain associated with the transformations introduced
in Sec. 4.1, under realistic noise conditions in an NISQ-era device. This analysis is
essential to understand the cumulative impact of typical error sources, such as relax-
ation, dephasing, imperfect state preparation, and readout infidelity, on the overall
sensitivity of the detection protocol. For instance, the presence of thermal popula-
tion impacts the enhancement in a nontrivial way. Because the derivative dP,/dP,
decreases with increasing P, the contribution of thermal population in the absence of
a signal is amplified more (in relative terms) than the additional excitation caused by
the signal itself. As a result, a certain amount of thermal population can degrade the
performance of the enhancement protocol in use, especially in high-temperature and



Chapter 4. Enhanced and noise-resilient direct DM detection 69
Upm  [¥y) @)
If
oF. I T -
A B
s2 OB ﬂ
C = "o L&
CA==1
[W4)
S1
A

S2 —ed
. ‘o 2

CA==1

FIGURE 4.7: Two sensing qubits (S1, S2) coupled to the same ancilla (A), evolving
individually under Upy and undergoing the same enhancement protocol.

low-frequency regimes. Another example of a possible detrimental error is an imper-
fect mid-circuit readout, misidentifying the success and failure protocol conditions.

4.2.1 Noise model

The application of noise channels to quantum gates was carried out by resorting to the
Kraus representation introduced in Subsec. 1.2.3, automatically implemented leverag-
ing the Qiskit Software Development Kit [205] (v. 1.2.4). Within this framework, to
execute the quantum circuit on a qubit state that is allowed to decohere for a time T
(comparable with the qubit’s T; and T3), the Rabi evolution has to be modeled as a
noisy gate sequence.

In the Lindblad master equation formalism, we can separate the unitary Rabi-driving
terms (U) and the dissipative processes (D), so that a single sensing qubit density ma-
trix time-derivative reads:

i

. 2 1
p = Lulp] + Lolp] = — 7 [Masive, 0] + ) (2LipL} -5 {LiLy, p}> , (4.32)
i=1

where Hgrive & 0y, and Ly and L; are defined as in Egs. 1.27 and 1.28, respectively.
The non-commuting Lindbladian superoperators Ly and £p encode the unitary and
dissipative terms of the density matrix time-evolution. Formally, the solution over a
duration T is

p(t) = p(0)el et (4.33)
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Since [Ly, Lp] # 0, the Rabi-driven evolution of p expressed in terms of noisy gate
operations must be carried out through a Suzuki-Trotter decomposition [206]

p(LU+ED)T o [ecuﬁeﬁnﬂ", (4.34)

corresponding to applying n Trotter steps, i.e. alternating Rabi drive and decoherence
operations, each acting on small time steps 7/n. Higher values of n imply a higher
accuracy of the approximation. Therefore, to simulate a noisy, slow Rabi drive on a
qubit, the quantum circuit shown in Fig. 4.8b was implemented, consisting of n repeti-
tion of RY(6/n) rotations, each with an associated finite energy relaxation probability
p1 = 1 —e ™/ ("T) and dephasing probability p, = e~/ ("T2), Within the NoiseModel
class in Qiskit, the composition of different noise channels is handled through the
Choi-Jamiolkowski matrix isomorphism [207, 208]. Concretely, any single-qubit CPTP
map A can be represented by its Choi matrix

Jn = 3 (A ®D[(00) +[11))  ((00] + {(11])], (4:35)

which in the computational basis {|00), |01), |10),|11)} takes the form

1—pmpr O 0 p2
1 0 PthP1 0 0
== , 4.36
Ja=3 0 0 (1-pwmpm 0 (4.36)
p2 0 0 1—(1—pw)p

where py, is the excited state population at thermal equilibrium. The noisy RY gate
is then obtained by applying the action of an ideal RY on the Pauli basis, i.e. a matrix
M(6/n) defined by the components:

0 N AN A
RY (n) A, RY <n> = ;)M,m <n> A, (4.37)

1

with A = {1, 0y, 0y, 02 }.
The composition becomes

Xary = M(6/n)]AM(6/n)". (4.38)

Finally, by diagonalizing x A-ry, obtaining the eigenvalues A; and eigenvectors ¢;, the
effective Kraus operators can be derived through:

K = VA (&), (4.39)

where @ is an operation that rearranges the four-component vector ¢; into a 2 x 2
matrix. The consistency between solving the Lindblad master equation and applying
Trotterized noisy gate sequences is shown in Fig. 4.8, which exhibits good agreement
when setting a trotter step number n = 50.

To our gate-based noise-modeling framework, we embedded decoherence chan-
nels into every operation of a specific universal gate set, chosen to be {X, SX, I, RZ,
ECR}. This set was selected because it enables implementation of the detection-
enhancement circuit with a single two-qubit gate (see Fig. 4.4). We assigned to each
gate a duration consistent with state-of-the-art superconducting quantum processors,
during which qubit relaxation and dephasing occur with probabilities determined
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FIGURE 4.8: Accuracy of the gate-based noise modeling of the resonant slow Rabi
oscillation in the presence of relaxation and dephasing. (A) Noisy Rabi evolution for
a qubit starting in |0) with T; = 100 ps and T, = 100 ps, assuming zero thermal
population in |1) at equilibrium and ideal state readout. (B) Quantum circuit illus-
trating the n-step Trotter-decomposed gate sequence, where RY represents an ideal
rotation about the § axis, and the Delay operation represents the action of the loss

mechanisms. The circuit is sampled with 10° shots.
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FIGURE 4.9: Three-level transmon time evolution in the presence of a weak drive

(Q2/a < 1) resonant with w,;. No dissipation, dephasing, or readout errors have

been considered. The case 2/a < 5 x 107° is shown explicitly for an evolution of

T = 100 ps (top), along with the maximum state |2) probability for different (2/w
ratios (bottom).

by T; and T,. In addition, state preparation errors were incorporated by adding
a symmetric probability of initializing the qubit in the incorrect computational
basis state. Similarly, readout errors were included with a symmetric probability of
measuring |1) if the qubit collapsed in |0), and vice versa. Finally, residual thermal
excitation of the qubits was included via the Bose-Einstein occupation formula (see
Eq. 3.41), determined by the qubit’s effective temperature.
The leakage into the non-computational state |2) was evaluated numerically by
considering the Hamiltonian:

&t

H = hwya'a —h=a

Satdtaa + 1 (a* n a) ) (4.40)

where the creation and annihilation operators were truncated to a 3 x 3 matrix. A
steady weak drive () < a) at frequency w, /27 has negligible spectral overlap with
the |1) <+ |2) transition at w1, = w,; — a. As the numerical solutions shown in Fig. 4.9
confirm, leakage into state |2) during the dark matter-driven evolution can be safely
ignored, being the probability of collapsing into |2) smaller than 10~ 1°.

The complete noise model can be used to predict the outcome of sampling from
arbitrary quantum circuits, including the effective gate-based slow Rabi depicted in
Fig. 4.8b and the two-qubit enhancement protocol. Fig. 4.10 displays the combined
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TABLE 4.2: Parameter settings for the enhanced and base experiment noise model.

Sensing qubit Ancilla qubit

T 100 ps 100 ps
T 100 ps 100 ps
Ty 200 ps 200 ps
RZ duration 25 ns 25 ns
SX duration 25 ns 25 ns
X duration 50 ns 50 ns
ECR duration 600 ns 600 ns
Reset duration 1ups 1ps
Readout duration 1ps 1ps
Effective temperature 35 mK 35 mK
Qubit frequency (wg/ (277)) 5.0 GHz 5.1 GHz
Rabi evolution time () 100 ps -
Trotter steps (n) 50 -

effects of noise on the reconstructed probability distribution, B(P,), along with the ex-
perimentally observed success probability Psyccess(P.), and the Rabi oscillation observ-
able in a base sampling experiment Py,se (P, ), without enhancement. Here, P, is treated
as the ideal probability in the absence of noise and experimental error, P, = sin(6/ 2)2.
As expected, for a dark matter interaction time T = T7 = 100 ps, the presence of noise
leads to a noticeable degradation of the curves, although their principal features re-
main well discernible. Multiple noise scenarios are illustrated, for different values of
B, readout error rate r, and state preparation error probability Pprep (r and Pprep are
assumed to be the same for the sensing and ancilla qubits). Table 4.2 collects the other
noise parameters relevant to the comparisons, which are common to all the configura-
tions tested.

A key feature reported in Fig. 4.10 is the slope of the blue curve in P, = 0, which is
related to the expected sensitivity of the protocol to small displacement P, induced
by dark matter. Together with a strong dependence on S, the probabilities of prepa-
ration and readout error also heavily affect dP/dP,, underlining the importance of
minimizing these two error types. Intuitively, the slope of P is inversely related to
the enhancement success probability Psyccess- This relationship arises because higher
error rates increase the probability of registering spurious successes during the en-
hancement protocol. These false positives directly contribute to the computation of the
blue curve, artificially inflating the apparent success rate. However, this phenomenon
yields a partial compensatory effect, as the enhancement decreases, more data will be
available to analyze.

4.2.2 Test on IBM quantum hardware

To validate the noise model introduced in Subsec. 4.2.1, we implemented the two-
qubit enhancement protocol on two of IBM’s 127-qubit Eagle r3 superconducting
backends, namely ibm_sherbrooke and ibm_brisbane. These quantum processing
units (QPUs) both share the same native gate set as in our simulations: {X, SX, I, RZ,
ECR}. Using the IBM cloud interface, we selected the qubit pairs according to the
coupling map of each device and the qubit calibration data available at the time of
the experiment. The specific qubits chosen for running the experiment exhibited a
convenient tradeoff between having low ECR gate error, long coherence times, and
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FIGURE 4.10: Observable probability transformations of the enhanced protocol, its

success rate, and the base Rabi oscillation in the presence of noise, as a function of

the original sensing qubit excitation probability in the absence of noise. Different

error configurations are shown, varying the S-parameter of the enhancement circuit,
the readout error probability r, and the preparation error probability Pprep.
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TABLE 4.3: Qubit characterization for testing the enhancement protocol on quantum
hardware.

ibm_sherbrooke ibm_brisbane

Role sensing ancilla sensing ancilla
Qubit id 40 39 118 119
T [ps] 251 361 151 159
T [ps] 52 — 34 —
T, [ps] 327 281 126 69
wy /27 [GHz] 4.701 4.574 4.733 4.803
P(|0) ]1)) x 103 7.8 28.3 15.6 30.3
P(|1)]]0)) x 103 2.9 18.6 34 17.6
Gate error x10* 1.4 1.6 2.6 4.9
ECR error x103 3.9 6.8

ECR duration [ns] 590 660

high preparation-readout fidelity, compared to the other qubits in the QPUs. Table 4.3
summarizes the relevant parameters at the time of measurement. Both QPUs employ
readout pulses with a duration of approximately 1.3 ps.

In the table, we report the state preparation and measurement errors in terms of
P(]1)]1]0)) and P(]0) ||1)), corresponding to the probability of registering |1) when
preparing |0), and vice versa. Dephasing is commonly characterized by the Ramsey
time (T5) and the Hahn-echo time (T3), the latter being usually higher, thanks to the
implementation of echo sequences to cancel out spurious phase shift mechanisms.
Since our protocol exposes the sensing qubits to their environment for the duration T
of the dark matter interaction (without mitigation sequences), the Ramsey time is the
metric limiting the evolution time .

IBM’s platform does not report T; directly, hence we performed gate-based Ramsey
measurements to assess the T, parameters of the sensing qubits (See Appendix A).
Based on those results, we fixed the interaction time at T = 10 ps. Lacking pulse-level
control of the QPUs, the Trotterized Rabi technique discussed in Subsec. 4.2.1 was
implemented on quantum hardware as well as on simulations. Since the only varia-
tional gate in the basis set is RZ, the Trotterized slow-Rabi simulation transpiles into
a sequence of RZ-SX-RZ-SX for each RY. However, since IBM’s RZ gates are virtual
(see Subsec. 2.2.1), this decomposition only marginally increases the complexity of
the quantum circuit executed on the hardware. To limit the effect of single-qubit
gate errors, the Trotter step number was set to n = 5. This step reduction does not
undermine the conclusion of this feasibility study, aimed solely at demonstrating the
protocol’s viability on real qubits with coherence times comparable to 7.

Fig. 4.11 compares the quantum hardware results and simulations, plotting the
transformed probability P, the protocol success probability Psyccess, and the base Rabi
experiment Py, for a B-parameter set to 0.4. For each qubit, the noise model takes
into account a symmetric error rate r equal to the mean value of P(|1)]|]|0)) and
P(]0) ||1)), and a simmetric preparation error rate Pprep corresponding to P(|1) |]0)),
since a major systematic in the experiment is associated with measuring the ancilla
qubit in |1) when it collapsed in |0), returning a false protocol success condition.
The opposite case leads to a loss of events due to a false fail condition, but it is less
impactful in a regime where Pysyccess < 10%.

The width of the error belts in the graphs shown in Fig. 4.11 for the quantum
hardware calculation accounts for the statistical error (two standard deviations), with
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a shot number of 10%. The simulation results were evaluated with 10° shots. Overall,
the simulation results return a slightly more pessimistic prediction of the observed
probabilities than the hardware results (Psyccess is higher close to P, = 0, indicating
that more false successes were registered), which we attribute to a conservative choice
of r and Pprep. The increase in false successes reflects on the slope of P, which also
appears less steep than the one obtained on quantum hardware.

Precise noise modeling of complex architectures such as Eagle r3 is generally a
challenging task, and it is outside the scope of this thesis. For instance, coherence
times, qubit frequencies, error rates, and gate fidelities are subject to variations
over time. The comparison carried out in this Section, however, demonstrates the
feasibility of testing the enhancement protocols directly on quantum computers, even
without pulse-level access. In principle, the dark matter detection experiment itself
(both the base and the enhanced versions) could be carried out on existing QPUs.

In the case of non-tunable transmon architectures, instead of searching for resonant
peaks, the excitation probability of a sensing qubit can be sampled over time in search
of a Rabi oscillation. This simple method is limited by not having full detector control
(in the case of remote access to the quantum device) and a harder interpretation of the
experiment’s systematic uncertainties.

4.3 Detection experiment simulation

This Section focuses on quantifying the performance gain of the enhancement proto-
col introduced in Sec. 4.1 in terms of setting an exclusion limit on the kinetic mixing
strength € between the dark photon and the ordinary Standard Model photon. The
detection experiment simulation makes use of the noise model developed and tested
in Subsec. 4.2.1.

4.3.1 Simulation workflow
The noisy simulation is articulated as follows:

1. Define flux-tunable transmon qubit objects (sensing and ancilla).

2. Define a mixing strength € and a dark photon mass my, retrieving the Rabi
strength () from Eq. 3.28 after a duration 7.

3. Simulate numerically the noise-free evolution of the sensing qubit under a Rabi
with strength (), accounting for qubit-dark matter detuning.

4. Map the noise-free excitation probability P, to the observed noisy ones P, Piyccess,
B base-

5. Sample the excitation counts from the observed probabilities sweeping on the
flux bias.

Transmon qubit modeling

The sensing qubit is modeled as a TunableTransmon object in the scQubits Python
library [209] (v. 4.1.0), i.e. a Hamiltonian expressed in the charge basis of the form

= REC(— ) — P (o) () (n 41 + e 4 1) (nl), (@4D)

n
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with 71 |[n) = n|n) and

ES (fext) = Ej\/ 082 (Mhent) + 2 in? (e, (4.42)

where ey is expressed in units of the flux quantum ®y. Modifications to the Hamilto-
nian due to the coupling to a readout structure and the ancilla(s) qubit(s) are not con-
sidered for this study, as they are assumed to be dispersive and alter only marginally
Ec, Ej, and |n). Within the simulation, the sensing qubit is uniquely determined by its
zero-bias frequency w, /27, the Ej(¢ = 0)/Ec ratio, and the SQUID parameter d.

To consider decoherence and the antenna-like interaction with dark matter, the qubit is
also equipped with a finite quality factor Q, a dephasing time T}, and a dipole length
fixed at I = 250 ym. An important consideration is that T, is subject to variations
depending on the flux bias working point, because the derivative of w; with respect
to Pext depends on the SQUID asymmetry.

Neglecting anharmonic corrections:

dw, 1 d off | o (d>—1) Sin(27Text )
Apext Tt dpext (\/@) 2 \/cos(Mext) + A2 sin(Mpext) 49

We can model:

d
! ‘ “a (4.44)

T¢ A+D d¢ext

where A and B are determined by the noise power spectrum that the qubit is subject
to (B ~ 107° [rad]/s). Therefore, we expect Ty to be less dependent on ¢ex as d
increases (i.e. the SQUID is more asymmetrical). However, values of d close to one
limit the transmon’s frequency tunability range. The tradeoff between achieving low
dwg,/dpext and large frequency span A = (anI"aX — wg“in) /27 is shown in Fig. 4.12. To
ensure that the qubit maintains a high dephasing time at any flux bias point, 4 was
set to determine a tunability range of roughly 300 MHz for w,; ~ 5 GHz, based on the
experimental results achieved in [117, 210, 211]. The relaxation time T; is evaluated as
T1 = Q/wj, varying with the flux bias.

Detuned Rabi oscillation

The Rabi strength () relates to the ideal dark matter-driven excitation probability
P(7), in the resonant condition (w, /27 = mx), as:

Q= iarcsin<\ / Pe(’f)>, (4.45)

where P,(7) is calculated using Eq. 3.28. To account for a non-zero qubit-dark matter
detuning ¢ = |wq —27tmy|, we recur to Eq. 2.57, which works under the RWA and well
represents the time evolution obtained by numerically solving the qubit drive Hamil-
tonian (see Fig. 2.7). The detuned noise-free excitation probability P?(T) becomes

_ 2
5 arcsin< pP=v (T))

2
4 arcsin( Pg(&:o)(r)> + 62 (4.46)

2

: 4 : 7 2\t
X sin [(1’2 arcsm< P;SO(T)> +6 ) 2] :



Chapter 4. Enhanced and noise-resilient direct DM detection 79

—— d=0.6; A = 1.18 [GHz]
3517 — 4=0.7: A = 0.85 [GHz]
304 d=0.8; A = 0.55 [GHz]
N d=0.9; A = 0.27 [GHz]
O 251 —— d=1.0; A = 0.00 [GHz]
=
S 2.0
S 151
<
3 1.0
0.5 -
0.0 -

-0.4 -0.2 0.0 0.2 0.4
External flux @ext

FIGURE 4.12: Dynamic range variability of a flux-tunable transmon qubit, as a func-
tion of the bias flux quanta concatenated in the SQUID loop ¢ext. The qubit is set to
have wy*/2m = 5 GHz, with different amounts of junction asymmetry.

Noisy probability mapping

The noise model introduced in Subsec. 4.2.1 depends on the T; times and the frequen-
cies of the qubits involved, which vary during the frequency sweep. This information
is important to update in the model as it affects the thermal equilibrium population.
For this reason, the noise model is extended to encompass a range of frequencies, im-
plementing a transformation g of the ideal excitation probability P,:

p
8- (PQ’WQ) - g(Pe, wq) = | Psuccess | , (4.47)
Ppase

where Py is obtained by sampling the circuit in Fig. 4.8b, while P and Pyyccess are
retrieved from sampling the circuit in Fig. 4.8b (i.e. the sensing qubit time evolution)
concatenated with the one in Fig. 4.4, setting a specific qubit frequency w; /27t and the
ancilla at w, /27 4+ 100 MHz, T; = Q/w, for the sensing qubit and

T = Q (4.48)
(w + 271 -100 MHz)

for the ancilla. For each qubit frequency w; /27, we sample the noise model on a dense
grid of ideal excitation probabilities P,, and compute the three performance curves P,
Psyccess, and Ppase, as exemplified in Fig. 4.10. We then fit each curve with a smooth
interpolant, extracting an array of interpolation parameters

kK, i=1,2,3, (4.49)
1
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with i representing P, Psyccess, and Ppage, respectively. Repeating this procedure over
an entire frequency grid w = {w;} produces, for each i, a function f; such that

firw, = K. (4.50)

The interpolants used in each fit are inspired by the expected trend of the noisy proba-
bilities, with the addition of degrees of freedom to adapt the curves to the noise model
predictions:

a Pe

p—_Mle
(b1+PE)

+ 1P +di; k= (aq, by, 1, dv), (4.51)

. 2
Pyuccess = ¢~ 2@ (VF) gin [bz arcsin(\/ﬁﬂ +c; ko= (ag, by, 2), (4.52)

. 2
Popse = € 7 arcsin(v/7.) sin |:b3 arcsin(x/li)} +c3; ks = (as, b3, c3). (4.53)

We expect k?}“ to vary smoothly with w,. For this reason, the process is repeated
in a dense frequency grid w,;/27, and mixed degree polynomial interpolations are
performed on each parameter set, so that for any target frequency w’ we recover the
corresponding parameters k;‘”. In practice, once the noise model is evaluated on a
wy-P, grid to obtain the set of parameters {k({}”, k;}”, k;u" }wqewq_grid, we can retrieve any
{P, Psuccess, Poase } at an arbitrary pair («’, P,) within the extreme points of the grid.
We proceeded in two steps:

1. w, interpolation: Interpolate w, +— k?)q at &' to obtain kl‘f’/.

2. P, interpolation: Plug P, into each of the three P-vs—P, interpolants described
by k&',

This scheme thus implements a continuous mapping
(wq/ Pe) — (Pr Psuccess Pbase) (4.54)

across the entire w,-P, plane.

Probability sampling

By setting the dark photon mass mx and the kinetic mixing strength €, we can calculate
the noise-free excitation probability P/, where J is the qubit-dark matter detuning. For
each probe frequency, we determine the corresponding external flux concatenated in
the transmon’s SQUID to retrieve the qubit Hamiltonian in Eq. 4.41, then retrieve the
noise model-inferred probabilities, extended through the mapping described earlier
in this Subsection. An example outcome is depicted in Fig. 4.13, where each probed
frequency was sampled 7gp0rs = 10° times, with the noise model parameters summa-
rized in Table 4.4.

The large frequency sweep between 2.8 GHz and 6.2 GHz may not be feasible to
achieve with a single sensing qubit, as it would require a low junction asymmetry
parameter d, increasing I'y far from the flux bias sweet spots. Still, the simulation can
be thought of as using multiple devices with the same qubit quality factors and higher
asymmetry, operating at different frequencies that cover the whole interval altogether.
From the histogram, an exponential decrease in thermal population emerges as the
qubit frequency rises, lying on a flat background attributed to readout error. The net
effect of the enhancement scheme is to lower background counts while roughly keep-
ing the same number of counts under the signal peak at mx = 4.5 GHz. Whether
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FIGURE 4.13: Monte Carlo simulation of a dark photon search experiment between

2.8 GHz and 6.2 GHz, assuming a kinetic mixing strength of 2 x 107!% and dark

photon mass myx = 4.5 GHz, under realistic NISQ noise. The noise model parameters

are collected in Table 4.4. The base experiment consists of a Rabi sampling of a single

sensing qubit, while the enhanced experiment comprises a sensing qubit coupled to
an ancilla, executing the protocol shown in Fig. 4.2, with § = 0.4.

the enhanced histogram leads to a higher sensitivity to € or not depends on the trade-
off between enhancing the signal-to-dark count ratio and having less data to analyze,
conditioned by Psyccess S 0.1. Subsec. 4.3.2 describes the statistical framework used to
evaluate the sensitivity to €.

We note that, by construction, the ability to distinguish the signal peak on top of
the dark counts improves with /7ighs, as it is only subject to fixed amounts of dark
count and signal rates. The factor /7ot arises from the binomial distribution that
characterizes counting experiments. The statistical error is considered the dominant
source of uncertainty, and we assume that the broadband dark count landscape is well
approximated by the exponential plus constant shape true at 74,0 = 10°. Increasing
the number of measurements further may require more complex modeling, taking into
account the frequency dependence on gate and readout fidelities. On the other hand,
for small €, the signature peak narrows, and we expect the background count under-
neath the peak to be smooth within a small frequency interval. In Subsec. 4.3.3, we
discuss the achievable exclusion limits on the mixing strength parameter € for a feasi-
ble data-taking timespan. Evaluating systematic uncertainties, such as detector aging,
temporal drifts, or fluctuations in Ty, Tp, wg, and r, which may not average to zero
within the experiment’s timescale, is beyond the scope of this thesis, as they would be
strongly dependent on the specific detector, requiring data-driven estimation.

4.3.2 Simulation data analysis

Leveraging the simulation described earlier in this Section, we can vary mx and lower
€ until the statistical fluctuations of background counts cover the signal events. To
quantitatively assess an exclusion limit on €, we use the Neyman-Pearson lemma [212]
to perform a hypothesis test between Hy (no signal) and H; (signal with strength €).
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TABLE 4.4: Noise model and experiment settings for the enhanced and base experi-
ment, referring to Fig. 4.13.

Sensing qubit  Ancilla qubit

Q 3.14 x 10° 3.14 x 10°

Th 100 ps @5 GHz 100 ps @ 5 GHz
T 100 ps @5 GHz 100 pus @ 5 GHz
Ty 200 ps 200 ps

E i / EC 90 @ 5 GHz -

Cs 100 -
Readout error (r) 0.02 0.02
Preparation error (Pprep) 0.002 0.002

RZ duration 0 ns (virtual) 0 ns (virtual)
SX duration 25 ns 25 ns

X duration 50 ns 50 ns
ECR duration 600 ns 600 ns
Reset duration 1ups 1us
Readout duration 1.3 ps 1.3 ps
Effective temperature 35 mK 35mK
Qubit frequency (w,/(27)) [2.8,6.2] GHz  [2.9, 6.3] GHz
Rabi evolution time (T) 100 ps -
Trotter steps (n) 50 -

We define the likelihood ratio test variable as

L(6)

A= L£(61)"

(4.55)

where £(60y) and £(6;) are the likelihood functions of the arrays 6y and 61, which
model the probability density functions for Hy and Hj, respectively. In a binned likeli-
hood framework, where each bin is disjoint and associated with an underlying prob-
ability density function A(x; 6), the expected count prediction in the i-th bin is

ui(0) = /i_thbin)\(x; 0)dx. (4.56)

In our study, x represents the x-axis in the histogram generated via the Monte Carlo
method, i.e. the probed frequency. Assuming independent Poisson fluctuations in
each bin, the binned log-likelihood is

M=

Il
—

In(£(6)) = Y [n In(1:(6)) — u(6)], (457)

1

wherei = (1, 2, ..., N) represents the bin index, n; the counts in each bin, and N is the
total number of bins. The Poisson fluctuations assumption is a valid approximation of
the intrinsically Binomial statistics of each bin count. Since Pyuse and P are small, the
Binomial probability distribution converges to a Poissonian.

For Wilk’s theorem [213], if Hy is true, the variable

g=—-2In(A) = —-2[InL(6y) —InL(61)] (4.58)
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follows asymptotically (i.e. for a large 7; in each bin) a x3 ; distribution. The number
of degrees of freedom corresponds to dof = dim(©®;) — dim (@), where @y and 0
are the parameter spaces containing the solutions 8y and 0, respectively, requiring
By C O;. For a chosen significance level a, Hy is rejected in favor of Hj if the test
statistics variable g resulting from the experiment is

0> Xof1-a (4.59)

where Xﬁof, 1_, is the (1 — a)-quantile of the Xéof distribution, i.e. the value such that:

&= /ono faot(z)dz. (4.60)

dof, 1—«a

Here, fqof(z) is the x3. probability density function. The condition in equation
Eq. 4.59 is equivalent to obtaining t with probability 1 — a when the null hypothesis
Hy is true. In our analysis, we set the significance level to « = 0.05, which translates
into an exclusion limit on € at a 95% confidence level, as the values reported in
Figs. 1.1 and 1.2 are.

Practically, we carry out the € exclusion limit estimation as follows:

1. Produce several counts vs probed frequency histograms on a range of mixing
strengths ¢, for the base and enhancement detection experiments.

2. Fit each histogram using the maximum likelihood estimation method under Hy
with a fifth-order polynomial background

A(x; 6p|Hp) = a + bx + cx? + dx® + ex? —|—fx5; 6o=1(a, b,c de f), (461)

and under H; with a fifth-order polynomial plus a signal term:

sin [Q(x — mxz)} + a4 bx + cx? 4 dx® +ex* + fx°;
[Q(x —mx)] o2

61 = (A/ Q/ my, a, b/ c, d/ e/f)l

/\(x; Bl‘Hl) =A

where 6y and 6; are constrained by the normalization condition f rexMx =1

3. Retrieve the test statistics as a function of the mixing strength t(€) and determine
the threshold value for € such that g = Xéoi,OSS’ designating it as the exclusion
limit on € at 95% C.L.

4. Repeat steps 1-3 for different values of mx and noise configurations, comparing
the exclusion limits obtained with the base and enhanced experiments.

Fig. 4.14 shows an explicit example of how the null hypothesis Hy and the alternative
hypothesis H; are fitted to our data. The three histograms obtained by sampling from
D, Psuccess, and Pyaee with 10° shots per bin. Then each histogram is fitted indepen-
dently with the models A(x; 8p|Hp) and A(x; 6,]|H;). In the figure legend, we report
the corresponding Py, associated with the reduced chi-squared statistic, defined as

—+o00
Pvalue = ) fdof(z)dzr (463)

Xdof

which provides a good approximation to the outcome of the likelihood-ratio test. In
particular, from Fig. 4.14, it emerges how the enhanced experiment analysis enables
easier discrimination than the base one.
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Extracting failed attempts information

From Eq. 4.16 and Fig. 4.14, we observe that the success probability of the enhance-
ment protocol Psyccess is itself dependent on P,.. From the ratio of success attempts over
the total, we can retrieve additional information that potentially benefits the analy-
sis. To achieve this, we retrieve the histogram of the success attempt counts for each
bin, which has the same shape as the base and enhanced experiments, i.e. a peak in
correspondence with my. Fitting the histogram under Hy and H; as for the sensing
qubit measurement data, we obtain the likelihoods £5(65) and £5(65). Assuming in-
dependence between the normal, enhanced likelihoods £(6y), £(6;), we modify the

likelihoods as
ﬁ(eo) — ﬁ(@o) . L’S(Bo),

. (4.64)
E(Bl) — L’(Bl) L (61),
so that the statistical test becomes
g—q=—-2[InL(6y) +InL%(6)) —InL(6;) —InL3(67)], (4.65)

leveraging failed enhancement attempts that would otherwise be lost.

By varying €, we compute the P, associated with the likelihood ratio test, determin-
ing the exclusion limit on € at 95% C.L. Fig. 4.15 displays the Py, as a function of € for
different values of my, with the corresponding exclusion limits on the kinetic mixing
strengths egs, c 1. Obtained with three methods: base experiment, enhanced experi-
ment, and enhanced experiment combined with the additional information retrieved
from the ancilla qubit measurement. To take into account the added complexity of the
enhanced experiment, i.e. requiring two qubits where only one acts as a sensor, we
opted to double the number of shots per probed frequency for the base experiment
(2 x 10°), corresponding to running two base experiments with identical setup. In this
way, the comparison is fair in the sense that we compare two-qubit vs two-qubit sce-
narios.

As seen in Fig. 4.15, the enhanced protocol consistently outperforms the base one, with
its advantage increasing with myx. This is attributable to the reduced thermal popu-
lation at higher qubit frequencies, as the thermal excitation probability is effectively
amplified by the enhancement protocol as well. Including the ancilla information in
the enhanced experiment partially compensates for this effect, leading to a more sig-
nificant improvement where the enhanced scheme alone suffers the most from the
presence of thermal population.

Due to the several parameters affecting the amount of noise and errors in the simu-
lation, we expect the sensitivity to € of the experiment —as well as the speedup gain G
from the enhanced protocols—to depend nontrivially on parameters such as 7, Pprep, T,
the qubit coherence times, and the enhancement parameter B. In order to investigate
how the different error mechanisms affect speedup and obtain more general consider-
ations about the benefit of the enhancement scheme, we select distinct noise scenarios
and retrieve €959, c.1. from each.

High state preparation fidelity

In this scenario, we assume higher state preparation fidelity and a more conservative
readout rate assumption. More precisely, the noise parameters are reported in Tab. 4.5.
Fig. 4.16 shows the speedup factor G of the enhanced protocol (with and without the
success rate information) with respect to the base experiment. In the mass interval
between 2.5 GHz and 6 GHz, the speedup factor is strictly above one, indicating that
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Hj (no signal) and the signal hypothesis H; (signal with strength €). The base experi-
ment ran with 2 x 10° shots per probed frequency, while the enhanced experiment ran
with 1 x 10° shots. Three dark photon mass scenarios are reported at my = 3.2 GHz,
myx = 4.6 GHz, and mx = 6.0 GHz, exhibiting the larger benefit of the enhancement

protocol at larger masses.
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Speedup factor (¢)

TABLE 4.5: Noise model and experiment settings for a low Pprep-high r scenario.

Sensing qubit  Ancilla qubit

Q 3.14 x 10° 3.14 x 10°

T 100ps@5 GHz 100 ps @ 5 GHz
T, 100 ps@5 GHz 100 ps @ 5 GHz
Ty 200 ps 200 ps
Readout error (7) 0.05 0.05
Preparation error (Pprep) 0.001 0.001
Effective temperature 35 mK 35 mK
Rabi evolution time () 100 ps -
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FIGURE 4.16: Speedup factor of the enhanced dark photon search experiment using
the noise parameters summarized in Table 4.5, with respect to a base experiment, for
different candidate masses myx and values for the enhancement parameter . The bare
protocol using only the sensing qubit (enh) is compared with the same experiment
including the information on the ancilla measurement (comb), i.e. the probability to

succeed the circuit condition.
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TABLE 4.6: Noise model and experiment settings for a high Pprep-low r scenario.

Sensing qubit  Ancilla qubit

Q 3.14 x 10° 3.14 x 10°

T 100ps@5 GHz 100 ps @ 5 GHz
T, 100uys@5 GHz 100 us @ 5 GHz
Ty 200 ps 200 ps
Readout error (r) 0.005 0.005
Preparation error (Pprep) 0.01 0.01
Effective temperature 35 mK 35 mK
Rabi evolution time () 100 ps -

the enhancement protocol is always more convenient to carry out with respect to its
equivalent (i.e. two base experiments).

The rise of G in Fig. 4.16 results from the thermal background population decreasing
with higher qubit frequency, while the dark-matter signal magnitude is less affected.
Since dP/dP, decreases rapidly with P,, the before-enhancement thermal population
(in the absence of signal) produces proportionally larger changes in P than when ther-
mal and signal contributions coexist.

High readout fidelity

In contrast to the high state preparation fidelity case, here we assume high readout
fidelity and lower the state preparation fidelity. The noise model parameters associ-
ated with this scenario are reported in Tab. 4.6. Fig. 4.17 shows the speedup factors
G corresponding to the parameters in Table 4.17. Notably, we obtain G < 1 for most
mass-f configurations, meaning that carrying out a base experiment using two non-
communicating sensing qubits would be advantageous. This scenario highlights the
need to achieve state-of-the-art qubit initialization fidelity for the enhancement proto-
col to be useful.

Optimal noise scenario

Here we test an optimistic —yet within reach of NISQ devices— case characterized by
high readout and state preparation fidelity, as well as doubled quality factors and
dephasing times of all the qubits involved (see Tab. 4.7). Note that the evolution
time is kept at T = 100 ps since we expect the coherence time of dark matter to be
Tom ~ 100 ps and it is not a controllable parameter in experiments. Fig. 4.18 shows
the speedup factors under these noise settings. For most enhancement parameters §,
G remains above one for roughly the entire mass range under consideration. On the
other hand, the speedup G is significantly smaller than the low-readout, high-state
preparation scenario. This result, together with those obtained in the previous sce-
narios, suggests that the enhancement protocol efficiently reduces the impact of dark
counts arising from readout errors, while initial-state preparation errors remain a chal-
lenge. The minimal requirement of using two coupled qubits for the enhancement
protocol implementation, where only one directly picks up the dark matter signal,
effectively reduces G by a factor of two in a two-qubit versus two-qubit comparison
with the base experiment. By coupling multiple sensing qubits to an ancilla, follow-
ing the scheme presented in Subsec. 4.1.3, the half-factor tends to cancel out. Since G
surpasses 0.5 in all tested scenarios, we conclude that state preparation errors, despite
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FIGURE 4.17: Speedup factor of the enhanced dark photon search experiment using
the noise parameters summarized in Table 4.6, with respect to a base experiment, for
different candidate masses myx and values for the enhancement parameter . The bare
protocol using only the sensing qubit (enh) is compared with the same experiment
including the information on the ancilla measurement (comb), i.e. the probability to

succeed the circuit condition.

Sensing qubit  Ancilla qubit
Q 6.28 x 10° 6.28 x 10°
T 200ps @5 GHz 200 ps @ 5 GHz
T 200 ps @5 GHz 200 ps @ 5 GHz
Ty 400 ps 400 ps
Readout error (7) 0.005 0.005
Preparation error (Pprep) 0.001 0.001
Effective temperature 35 mK 20 mK

Rabi evolution time () 100 ps

TABLE 4.7: Noise model and experiment settings in the optimal scenario.
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FIGURE 4.18: Speedup factor of the enhanced dark photon search experiment using

the noise parameters summarized in Table 4.7, with respect to a base experiment, for

different candidate masses mx and values for the enhancement parameter 8. The bare

protocol using only the sensing qubit (enh) is compared with the same experiment

including the information on the ancilla measurement (comb), i.e. the probability to
succeed the circuit condition.

being more damaging in enhanced experiments than in base ones, still allow a margin
for beneficial speedup for most noise configurations.

4.3.3 Exclusion limit projection

In Sec. 4.3.2, we focused on assessing the improvement in the sensitivity to dark mat-
ter of the enhanced experiment relative to the base experiment. Here, we attempt to
estimate the exclusion limits achievable in an experiment within typical timespans of
rare event search experiments.

In the absence of temporal drifts, and under the assumption that Pprep, 7, Q, T, and
gate fidelities remaining constant over the narrow frequency span of the dark matter
signal peak, the exclusion limit on € scales as n;}lloig, due to the estimation of P, being
affected by the binomial statistics, and P, €2. To estimate the executable number of

shots for each probed frequency, given a fixed data-taking duration, we consider:
¢ DM-induced interaction with the sensing qubit, set to T = 100 ps.
* Active qubit reset operations, which can reasonably take less than 10 ps.

* Ancilla and sensing qubits readout, which is also expected to be shorter than
10 ps.

* Sum of the gate durations of the enhancing circuit. Considering the limited
amount of gates involved, we attribute a total of around 1 ps to the gates ex-
ecution.
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FIGURE 4.19: Mass-dependent exclusion limits at 95% C.L. on the kinetic mixing
strength € between the dark photon field and the Standard Model photon in the 1
- 10 GHz range. The inset shows the projected exclusion limits achievable in direct
transmon detection search experiments. Labels base and combined indicate the original
experiment proposal and the enhanced version introduced in this thesis.

¢ Classical overhead: the time necessary to store the measurement outcomes on
classical hardware, which can be reduced to < 1 ps.

We set a conservative shot time of 130 ps and the frequency span of the tunable
sensing qubits to 300 MHz. Considering 3000 flux bias points to probe frequency
intervals of 100 kHz, we estimate around 80 x 10° shots per probed frequency in
one year of data taking. In order to probe the 2.5 - 6.0 GHz interval with sensing
qubits with a 300 MHz tuning range, 12 distinct sensing qubits with roughly disjoint
frequency spans are required. With a total of 120 physical qubits, 10 copies of each
sensing qubits can be employed in parallel, either stored on different chips, or within
a single, larger one. Assuming the enhanced scheme to occur in a regime where
many sensing qubits are coupled to the same ancilla, the speedup factor reported in
Fig. 4.18 increases by a factor approaching two, according to Eq. 4.31. In this regime,
most of the 120 qubits are designed as sensing, so that the multiplicities of the base
and enhanced experiments are approximately the same, i.e. with the same number of
physical qubits allows running the same amount of base and enhanced experiments.
Running the experiment simulation and the statistical analysis in an optimal
noise-error scenario, using the parameters reported in Table 4.7, we retrieve the
mass-dependent kinetic mixing exclusion limit €959, ¢, assuming one month, one
year, and three years of data taking. The results, compared to the exclusion limits set
by other experiments in the 1 - 10 GHz range, are shown in Fig. 4.19. The limits for
the data collection for one year were simulated directly, while those for one month
and three years were extrapolated according to the ns_hloﬁ scaling.

With respect to other haloscope-based experiments, the direct detection performed
with transmon qubits covers a much larger spectrum, including currently unexplored
intervals centered around 3.0 GHz and 3.7 GHz. Over three years of data taking,
exclusion limits ~ 1 x 10714 can be achieved across the full spectrum under consid-
eration. This exclusion limit is competitive with existing haloscope experiments such
as CAPP, HAYSTACK, and TASEH, but extended to a broader range of frequencies.
In agreement with the speedup factors shown in Fig. 4.18, the combined experiment
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(i.e. using the enhanced protocol combined with the ancilla excitation probability
information) has the same sensitivity to € as the base experiment using 2-5 times more
data.

This chapter concludes the part of the thesis devoted to exploring the sensitiv-
ity of transmon qubits to weak resonant fields, with particular emphasis on their po-
tential for detecting light-coupled dark matter candidates such as the dark photon.
In addition, we have investigated a protocol in which the weak signal accumulated
by a sensing qubit is mapped onto a more accessible observable, thereby enabling a
more efficient sampling strategy and an effective speedup of the experiment. Finally,
through numerical simulations, we quantitatively benchmarked the performance of
this enhanced scheme against a baseline approach, highlighting the achievable gains
in sensitivity and efficiency. The next chapter describes the development of a sensing
device allowing us to carry out an enhanced search experiment, towards fabrication
and characterization in a cryogenic environment.
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Chapter 5

Design and characterization of
transmon qubit devices

This chapter focuses on the design, simulation, and characterization of transmon qubit
devices towards developing a detection experiment able to implement the gate-based
signal enhancement scheme discussed in Chapter 4. The proposed devices leverage
a coplanar architecture, where transmon qubits are capacitively coupled to coplanar
waveguide resonators. When needed, qubits in the same device are coupled through
a CPW resonator to enable an entangling cross-resonance interaction.

5.1 Qubit design and simulation

The coherence time of transmon qubits is strongly influenced by the shunt-capacitance
pad geometry: the pad shape determines the electric-field concentration within lossy
oxide interfaces and inside the substrate, which in turn affects dielectric bulk and
surface-loss contributions to decoherence [154]. In addition, the pad geometry deter-
mines the dipole length / and the shunt capacitance C;, modifying the qubit’s coupling
to external electromagnetic fields, including dark-matter—driven fields (see Eqgs. 3.28
and 3.39).

Upon studies demonstrating state-of-the-art coherence times [149-151], we adopted a
floating double-pad geometry consisting of two large symmetric pads connected by a
Josephson element (a single junction or a SQUID). The design was carried out using
the KQCircuits Python library (v. 4.9.4) [214], developing a custom transmon qubit
layout named clockmon. The clockmon qubit supports up to six T-shaped couplers
with tunable length, width, and distance from the pads. An optional circular notch
pattern provides additional control over C; without altering the overall pad extension.
Two metal leads with a customizable relative angle connect each pad to a junction (or
SQUID) terminal, enabling electrical contact for a variety of junction designs. Fig. 5.1
shows some of the available clockmon design options.

The following subsections describe the simulation methods used to extract parameters
related to the qubit’s frequency, anharmonicity, and dielectric loss estimations, for the
specific geometry adopted.

5.1.1 Capacitance matrix extraction

To estimate the effective shunt capacitance and coupling to the readout resonator
of a floating qubit, finite element simulations of the specific qubit-coupler geometry
were required. These were carried out using the Ansys Q3D extractor (release 2022
R1) [215], a quasi-static solver that enables reconstructing the Maxwell capacitance
matrix of each node in the equivalent circuit. Fig. 5.2 illustrates the circuit diagram of
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FIGURE 5.1: Examples of geometrical configurations allowed within the KQCircuits-
compatible clockmon qubit.

the qubit pads and their couplings to ground and the readout resonator.

Using the node flux representation, and following the steps reported in [216], the ca-
pacitance values of the floating qubit networks can be reduced to those of an effective
grounded transmon, with C, corresponding to that in Eq. 2.61. The formulas linking
the two representations are

(C33 + Ci13) (Cop + C12)
Cs3+Cop+Ci3+Co2

_ CiGas — Gy
8§ Cyp+Cip+Ca3+Ci3’

The right-hand terms in Egs. 5.1 and 5.2 were estimated using Ansys Q3D through
a quasi-static three-dimensional finite element simulation. The simulated layout con-
sisted of the transmon qubit and the readout resonator T-shaped coupler, made float-
ing. The other readout resonator components (such as the CPW or other couplers to
structures far from the qubit, contributing to C, and L,) are not relevant in the calcula-
tion of C; and C; as they are either too far from the qubit pads or do not host voltage
anti-nodes of the readout mode.

At this simulation stage, a straight 200 pm waveguide extension was added to the cou-
pler pad. This procedure adds a small correction to Cy; and Cs3, subtracting from the
ground plane the area near the qubit that will be occupied by the readout resonator in
the full design. The total effective qubit capacitance Cy, is calculated by adding to Cs
a stray junction capacitance C; = 0.1 fF. The qubit design was dimensioned to reach
Cs =~ 90 - 100 fF, ensuring an anharmonicity « in the 190 - 240 MHz range (depend-
ing on the qubit frequency), while maintaining the transmon regime E;/Ec 2 50 for
frequencies w, /27 of a few-GHz.

Cs = + Co3, 6.1

(5.2)
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FIGURE 5.2: Circuit diagram of a floating transmon coupled to a readout resonator,

with nodes 1, 2, 3 indicating the resonator coupler, its closest pad, and its farthest

pad, respectively (left). Equivalent circuit diagram of a grounded transmon coupled
to a readout resonator with a capacitance Cg (right).
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TABLE 5.1: Thicknesses and loss tangent values considered for the transmon dielec-
tric loss simulations.

Region MA SA MS Substrate Air Metal
Thickness [nm] 4.8 2.4 0.3 550 1200 200
Loss tangent 99x107° 17x10° 35x107* 13x107 0 0

5.1.2 Dielectric losses

As discussed in Subsec. 2.3.1, dielectric losses in transmon qubits are one of the leading
causes of decoherence in transmon qubits with state-of-the-art coherence times. The
geometry dependence of dielectric losses can be captured using finite-element solvers
by computing the electric field distribution for the qubit mode and calculating the frac-
tion of energy stored inside the dielectric substrate of the chip and the oxide interfaces
between materials. The energy participation ratios (EPRs) extracted can be combined
with the loss tangent attributed to each lossy element to retrieve the dielectric-limited
quality factor Qgielec, according to Eq. 2.82.

A crucial problem in leveraging finite-element 3D solvers for this task is the fact that
the electric field diverges at metal edges, i.e. close to oxide interfaces, where high
precision in estimating the electric field is desirable. Achieving sufficient precision
through mesh refinement is highly memory-intensive, limiting the feasibility of full
3D simulations on modern desktop computing resources. To address this, a hybrid
3D-2D strategy can be adopted. In this approach, the 3D solver is used to evaluate
EPRs in noncritical regions, while in critical metal edge regions it only provides the
total stored energy. A complementary 2D solver then models the cross-section field
distribution of the metal edges, extracting normalized EPR contributions from vac-
uum, dielectric substrate, and interfaces. By combining the normalized results from
the 2D simulations with the total energy information obtained from the 3D model, the
effective EPRs of the metal edge regions can be reconstructed. This method is accu-
rate under the approximation that the metal edge region EPRs are constant along the
metal perimeters, which is reasonable to assume where gaps between metals remain
roughly constant.

Fig. 5.3 illustrates the 3D and 2D steps of the dielectric loss simulation of the dou-
ble pad transmon. In the 3D step (Fig. 5.3a), the double pad is simulated using the
Ansys HFSS [217] Eigenmode (release 2022 R1), replacing the junction element with
a lumped linear inductance L; and parasitic capacitance C;. The 2D step extracts a
cross-section in the layout as indicated in Fig. 5.3b and simulates a DC field within a
restricted area, with finer meshing where high field concentrations are expected.

This dielectric loss estimation approach requires setting specific oxide layer thick-
nesses within MA, MS, and SA, which may vary across different fabrication tech-
niques. Moreover, the oxide layers are assumed to have uniform thicknesses, which
may not be guaranteed in the fabrication process. Leveraging the measurement re-
ported in [158], we consider the median thickness of the three surfaces reported in
Table 5.1.

Fig. 5.4 illustrates how the hybrid 3D-2D approach captures a different surface EPR
distribution than relying on the 3D simulation alone. The much coarser meshing re-
sulting from the 3D eigenmode simulation suggests that this approach tends to under-
estimate the surface EPR, especially in the thinnest ones (MS and MA). Combining the
EPR in the 3D-only and 3D-2D approaches with the loss tangent reported in Table 5.1,
we obtain Qgjelec = 4.3 X 10 and Qgielec = 2.3 x 10°, respectively.
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(A) 3D Ansys HFSS Eigenmode field solution.

(B) 2D cross-section DC simulation.

FIGURE 5.3: EPR finite-element simulation for a transmon qubit. (A) 3D step, render-
ing the full geometry (including substrate and air volumes with thicknesses reported
in Table 5.1, not shown in the projection). The electric field intensity at the qubit’s
eigenmode is displayed on a logarithmic scale. (B) 2D step, simulating the electric
field in a metal-edge cross-section, with fine meshing on the critical regions.
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FIGURE 5.4: Energy participation ratios across (A) oxide interfaces and (B) bulk, sim-
ulated for the same design before and after applying the correction estimated through
cross-section simulation near metal edges.

5.1.3 Couplings to driveline and fluxline

The photon-sensing experiment discussed in Chaps. 3 and 4 requires flux tunability of
the transmons to probe a range of dark photon candidate masses. This motivates the
study of different flux-line geometries and a quantitative assessment of their coupling
to the qubit, identifying a balance between inductive and capacitive contributions.
Strong inductive coupling is desirable for the fluxline, as it ensures that a large mag-
netic flux is threaded through the SQUID loop per unit current, while stray capacitive
coupling should be minimized to suppress qubit decay through the flux line. A similar
trade-off applies to the driveline, which must couple (capacitively) strongly enough
to enable fast single-qubit gates, yet weakly enough to limit qubit relaxation through
the line. The extraction of the effective couplings was carried out using Ansys HFSS.

Fluxline modeling

The fluxline is a grounded DC line that allows us to exert an external flux through
the SQUID loop. The current path near the SQUID determines the amount of flux
quanta induced, given a current intensity. Two fluxline geometries are frequently
documented in the literature [145, 218-220], which we will refer to as L-shaped and
straight-shaped.

In order to address the most convenient fluxline geometry, we created a SQUID loop
region placeholder, consisting of a 30 x 30 um? region between the qubit leads. We
then generated a 1 mA DC current flowing through the fluxline port, simulating the
current intensity and direction nearby the placeholder and the magnetic field strength
H in the SQUID area. The magnetic flux threading the loop was calculated, in units of
flux quantum P, as

_ 1 _ K .
ot = - /S B-ds = 1 /S H-dS, (5.3)
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FIGURE 5.5: 3D Ansys HFSS current solutions for (A) an L-shaped fluxline and (B)
a straight fluxline. The SQUID loop is substituted by a placeholder square area, and
the magnetic field intensities |H| = yo|B| inside those areas are reported.

TABLE 5.2: Effective coupling strengths between qubit and flux line and derived
qubit emission rate contributions at wq /27t =5 GHz.

L-shape Straight shape

Pext @ 1 mA 0.14 0.27
Cs [aF] 145 93.1
I‘Pulrcell, ind [msil] 0.17 0.65
1—‘Purcell, cap [ms_l] 0.10 4.35

where S is the SQUID loop area. The L-shaped and the straight-shaped fluxlines were
compared, keeping the same distance of 8.3 pm from the ground plane edge. The
current distributions and magnetic field magnitudes in the placeholder are shown in
Fig. 5.5. Table 5.2 collects the inductive and capacitive couplings to the qubits, as well
as the individual decay rate contributions I'pyrcell, cap a0d I'purcell, ind, calculated using
Egs. 2.84 and 2.85.

The two geometries exhibit markedly different coupling strengths. The L-shaped flux-
line induces only about half as many flux quanta per mA as the straight fluxline. How-
ever, its effective capacitance to the qubit is significantly smaller, leading to a stronger
suppression of spontaneous emission. These differences can be understood by not-
ing that the L-shaped fluxline couples capacitively to the two pads of the qubit more
symmetrically than the straight-shaped one, thereby reducing the effective coupling.
The straight fluxline, in fact, is displaced from the junction leads midpoints, which
enhances its coupling to one pad relative to the other. To justify the different inductive
coupling strengths, we show in Fig. 5.5 that the L-shaped geometry generates a sec-
ondary current flow opposite to the primary one. Although weaker, this counterflow
runs closer to the SQUID and partially shields it from the magnetic field generated by
the primary current flow. Such compensation does not occur in the straight geome-
try, where the current splits evenly and only one branch contributes significantly to
threading flux through the loop.

Driveline modeling

Unlike fluxlines, drivelines are not connected to the ground plane. Their couplings to
the qubits affect gate durations at a given pulse amplitude. Assuming a signal with
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RMS voltage Vj on the driveline, the coupling strength to the qubit is

Cy | h
Q=W——"1/55 .
OCZ+Cd 2ZO/ (54)

and the duration of a 7r-pulse is

_7T_C):+Cd 27
tn—Q— VoCo 1/ = (5.5)

Assuming a characteristic line impedance of 50 2, Vj = 125 nV (corresponding to an
on-chip power of —65 dBm) and C; = 90 aF, the rr-pulse duration for a qubit with
wy/27m = 5 GHz will correspond to t; ~ 16 ns. We consider the capacitance value of
C4 = 90 aF as the desirable coupling for a driveline, as it corresponds to an emission
rate of approximately 250 ps, compatible with the target T} in our sensing experiment.
In our device layout, driveline tapering was designed in an attempt to reach the qubit’s
proximity while keeping the bulk of the line far enough to decrease spurious coupling.

5.2 Qubit readout structure

The standard dispersive readout, introduced in Sec. 2.2.2, requires matching target
parameters, e.g. dispersive shift x, readout resonator linewidth k, and readout res-
onator frequency w;/27. Except for the Josephson element, which we always treat as
a lumped nonlinear inductor with known critical current, all the other parameters are
strictly related to design features such as pad shapes, coupler sizes, impedance engi-
neering, and waveguide lengths. This section describes the technique implemented to
tie target Hamiltonian parameters to a corresponding geometry.

5.2.1 Dispersive coupling engineering

Under the assumption of purely capacitive couplings between the readout resonator
and its qubit, the coupling strength g in the dispersive limit can be calculated us-
ing Eq. 2.61. To extract the dispersive shift x, we leveraged the QuCAT toolbox (v.
1.0.3) [221], a quantum circuit analyzer that retrieves the Hamiltonian of the quantum
circuit as

. . -1 n+1 .
H =Y hwmihim + Z ) Ej((zi)'(p]z-”, (5.6)
m j n>2 :
with
9= Y Gupim(m + 1) =Y 2 o, tat,), 5.7)
P g " e Dy \| 2w Cy "

Here, m is the mode index, j indicates the Josephson junction with inductive energy E;,
and 7 is the Taylor expansion order of the cosine potential of each junction. The terms
@zpt,m,j are the zero-point phase fluctuations in mode m and junction j, where each
mode is associated with frequency w,, /27t and capacitance C,,. Given an arbitrary cir-
cuit, the modes are identified by leveraging black-box quantization, i.e. linearizing the
Josephson elements, and modeling an equivalent circuit consisting of a series of RLC
resonators, based on the admittance matrix poles, through Foster decomposition [222].
Once the modes are obtained, the Hamiltonian in Eq. 5.6 is derived, perturbatively
adding the junction nonlinearities. This approach is valid only for low-dissipative
weakly anharmonic circuits (which is the case of transmon qubits). Diagonalizing the
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Hamiltonian at first-order perturbation theory, we obtain

f=Y Krzwm—Am— y XZ”) a;am]

m n#m

(5.8)

Am
At At A A At A ata
—E —— 0,0, Ayl + E Xmnfy, Ay dn |,
— | 2
n#£m

where A, is the anharmonicity (self-Kerr) of mode m, and ) is the cross-Kerr term
for modes m and n, respectively, linked to the state-dependent mode frequency shifts.
In order to determine the values of L; and the coupling capacitance C, for a single
qubit coupled to a readout resonator, so that the system matches a target qubit fre-
quency w;/ 27t and dispersive shift x!, taking into account the dependence of Cy, on
C,, we fixed the resonator frequency and numerically minimized:

(L jwq — |>

()= (st 9
where w,; was the qubit mode in the effective Hamiltonian (see Eq. 5.8), and x the
cross-Kerr. Both quantities were extracted simultaneously from the QuCAT analysis
of the lumped circuit diagram. Once C; was determined, the corresponding coupler
size in the design was obtained from an empirical relationship derived from multiple
capacitive simulations. In particular, the coupler’s length (see Fig. 5.6) was chosen
as the sweep variable, leaving other parameters fixed, and a capacitive Ansys Q3D
simulation was carried out for each point in the sweep, extracting the corresponding
Cs and C; as described in Subsec. 5.1.1.

5.2.2 Readout resonator linewidth

The linewidth of the readout resonator k determines the Purcell decay rate of the qubit
(see Eq. 2.83), as well as the readout pulse duration. In particular, the pulse duration
must be enough to let the resonator reach a steady state with a stable average photon
occupation number 7, which occurs within a timescale of the order of 1/k. In design-
ing the readout resonator, the trade-off between having a low Purcell decay rate and
short readout pulses should be optimized.

The input impedance for a lossless transmission line is [96]

Z1, +iZptan (5 “’)

2 wy

Zin(w) = ZO
Zy+iZp tan (%%)

, (5.10)

where Z, is the line characteristic impedance, and Z;, is the load impedance at the
far end of the CPW. Considering a A/4 readout resonator capacitively coupled to a
feedline, and shorted to ground at the far end, Z; = 0. Near resonance (w ~ w;),

Eq. 5.10 simplifies to
” 2 w
Zin(w) — Z)\/4 = —ZZO;W _rwr.

(5.11)

The current-voltage relations at the feedline terminals can be related using the transfer

matrix formalism (ABCD)
iy _ (A B\ (W
()= (& o) (32) 612
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FIGURE 5.6: Qubit effective shunt capacitance Cs, and coupling to the readout res-
onator Cg as a function of the coupler length, extracted by sweeping the capacitance
matrix extraction in the coupler length variable.
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where V; and [; refer to the feedline input, while V, and I, refer to the feedline output.
By modeling the resonator and its feedline capacitance Cy as a parallel impedance

1
2(w) = oe+ D (5.13)

the transfer matrix elements become A = D =1, C = 1/Z(w), B = 0. The forward
transmission coefficient Sy; (w) can be written in terms of ABCD elements as [223]

2
S01(W) = 4B/ Ze £ CZo D' 619
Therefore, )

The coupling quality factor Q., assuming that internal losses are negligible (Q; > Q.,
with Q; the internal quality factor), is equal to

dB

Q. = Wr gl (5.16)
T Gw) '

where G(w) is the external conductance related to the power leaving the resonator
into the feedline, defined as

Glw) = Re{l}, (5.17)

Zo+ =46
and B(w) is the reactive susceptance, related to the energy stored in the resonator:

1 T W — Wy

Substituting Eq. 5.17 and Eq. 5.18 into Eq. 5.16, in the limit of a weak coupling
(wCrZy < 1), we obtain the quality factor expression

s

= . 5.19
From the quality factor Q definition, Q. = w;, /k, therefore:
2
k= wazgcg. (5.20)
For a A/2 resonator, with impedance
— 1 w
Zy 0 = —i1log— , 5.21
2 0w (5.21)
quality factor and linewidth become
Q. = T k= lw3Z2C2 5.22
C_CU%Z(Z)C]% _7_[7’0](‘ ( )

Similarly to the approach in Subsec. 5.2.1, we identify a mapping between the cou-
pling capacitance Cy, extracted using the Ansys Q3D capacitance analysis, and one
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FIGURE 5.7: Readout resonator coupling capacitance Cj to the feedline, as a function
of the number of fingers in the interdigitated conductor variable.

geometrical parameter. The coupler is a rounded interdigitated element that smoothly
increases as a function of the finger number (the latter extended to be continuous, see
Fig. 5.7). Waveguide segments have been added to the Ansys Q3D simulations, to bet-
ter capture the transmission line-ground plane placement on a realistic layout. Subse-
quently, the effect of those waveguides was subtracted to retrieve Cy. By leveraging
this mapping, once the target C; was chosen, the design parameter was automatically
determined in the layout.

5.2.3 Purcell filter

A standard approach to radically improve the readout pulse duration without affect-
ing the qubit’s Tj is to filter out the feedline impedance seen by the qubit far from the
resonator frequency w;,. This can be achieved by adding a Purcell filter, i.e. a bandpass
resonator between feedline and readout resonator, with w, ~ w; [95]. We engineered
a feedline-embedded wideband resonator, matching the architecture demonstrated
in [224]. In this implementation, the Purcell filter is a waveguide with one capacitively
coupled end to the feedline input port, and the other end split into two branches. One
branch connects the readout output port, while the other branch is shorted to ground.
Circuit analysis shows the qubit’s Purcell decay quality factor contribution to be

G (1212 N (20 + 82
QPurcell - QF?F < Z(z) 146 ’ (523)

with § = (wy — wy)/wr, QF being the Purcell filter quality factor, Cr the equivalent LC
capacitance of the Purcell filter mode, Z¢ and Zj the impedances of the qubit-readout
resonator and readout resonator-Purcell filter capacitors, respectively.

Considering standard design values Qr = 10, Cx = 90 fF, Cr = 285 fF (corre-
sponding to w, /27 = 7 GHz and Zy = 50 ), ws/2m = 5 GHz, Z; = 1/(iw,Cy),
Zr = 1/(iwyCy), with C; = C¢ = 5 fF, Qpyreen ~ 180 x 10°. Without Purcell fil-
ter, considering the same coupling strengths C; and C; and frequencies, the quality
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factor can be derived using Eq. 2.83, knowing that Qpurcell = @Wy/T'purcell, res, finding
Qpurcell & 4 x 10°%. Qualitatively, the use of a Purcell filter enables either stronger
coupling between the qubit and the readout structure, thereby speeding up the read-
out, or further suppressing Purcell decay while maintaining the same readout pulse
duration.

5.3 Two-qubit gate engineering

Among commonly leveraged entangling interactions introduced in Subsec. 2.2.3, the
cross-resonant one was chosen. This choice is motivated by the possibility of engi-
neering purely microwave-driven cross-resonance interactions, without adding con-
straints to the flux tunability of sensing and ancilla qubits in the detection proto-
col. Moreover, the qubit-qubit coupling can be mediated by a bus resonator (CPW)
with fixed frequency, avoiding technological overhead brought by tunable coupler
schemes. Notably, the echoed cross-resonance is the two-qubit gate natively imple-
mented in some of the quantum devices available on the IBM cloud-based platform at
the time of writing.

5.3.1 Tuning the qubit-qubit coupling

The target Hamiltonian values x!, x5, w!;, w}lz, g, g5 were determined following a
procedure analogous to the one described in Subsec. 5.2.1, minimizing the function

Lp g1 — wiy|
Lp w2 — ‘Ufp_‘
ol | m-al (5.24)
Ce2 X2 — X5
Ca |81 — &l
Cer |82 — 86

computed with QuCAT for the circuit diagram shown in Fig. 5.8. Here, labels 1 and
2 indicate the two qubits (71 and ¢2), and g.1, g2 the coupling strength between each
qubit to the bus coupler, considering a purely capacitive coupling governed by Eq. 2.61
(opportunely corrected when applied to A/2 resonators). In Eq. 5.24, C,; and C, are
the coupling capacitances of qubits q; and g, to the coupler bus. In the minimiza-
tion, w1 /27, wrp /27 and the coupler frequency w, /27 were fixed and modeled by
their effective LC capacitances {C,1, Cy2, C.} and inductances {L,1, L2, L.}, assuming a
characteristic impedance of Zy = 50 .

5.3.2 Cross-resonance dynamic simulation

The cross-resonance Hamiltonian in Eq. 2.76 contains spurious terms that should be
minimized at the pulse level, through echo sequences and cancellation tones, as well
as at the design level. The terms composing the Hamiltonian are proportional to Pauli
strings that can be computed perturbatively [225]. One term that is particularly rele-
vant is the always-on component of the ZZ coupling, which does not depend on the
drive strength () and acts continuously on the two qubits:

w o J? 2(a1 + A)(ag + a2)
77, static — 2(“1 n A)2 A_ a5 ’

(5.25)
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Co—— 4 C, ___Cg

FIGURE 5.8: Circuit diagram of two qubits (blue) coupled capacitively via bus res-
onator (moss green), and coupled to their respective readout resonators (red).
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FIGURE 5.9: Static ZZ interaction strength coefficient for two qubits coupled through
a bus resonator, as a function of the coupler frequency and the qubit-qubit-detuning,
considering g.1 /27 = g2 /27w = 90 MHz.

where a1 and a; are the anharmonicities of g1 and g2, A = w; — wy. The effective
coupling strength |, in the case mediated by a bus resonator, reads:

_ Qc18c (w1 + wr — 2we)
2(wy — wy)(wp — wy)

J (5.26)

The poles at A = {+£aj,+ar} in Eq. 5.25 were avoided by identifying A/27r =
100 MHz as a suitable operating point, which can be kept constant over the sensing
qubit frequency sweep required by the search experiment, by also tuning the ancilla.
Fig. 5.9 shows wzz atic as a function of the coupler frequency and the qubit-qubit
detuning.
In addition to limiting the cross-resonance gate fidelity, because the static ZZ inter-
action is present continuously during the sensing qubit evolution time, frequency
shifts conditioned on the ancilla state may appear, deviating from the expected time
evolution of the two qubits when ideally uncoupled. We consider spurious effects
of this kind to be negligible, although a precise evaluation of the impact of static ZZ
would be required on real hardware. The dynamically-driven contributions to the
cross-resonance are reported in Appendix B. Fig. 5.10 reports the magnitude of the
most relevant single and two-qubit rotations affecting the cross-resonance dynamics.
The term ()17 was neglected as it was roughly one order of magnitude smaller than
Q77 for the chosen values of w1, wy, w¢, and J. Also the term wyy was not included as
it is physically equivalent to wix.

To obtain an approximate cross-resonance pulse duration and evaluate the impact
of the spurious term on the time evolution of g; and g,, we considered the following
Hamiltonian in the frame rotating at w»:

~ A
Hcer = hz (0 @I) +h] (04102 +0_1042) + 1 (041 QL) + hmQ (I1® 0x2) . (5.27)
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FIGURE 5.10: Pauli coefficients for a cross-resonance Hamiltonian up to the third
order in A = Q/(w; — wy), considering a coupling strength /27 = 3.2 MHz at
A/2m =100 MHz, a coupler frequency w. /27t =7 GHz, and w,; /27 = 4.5 GHz.

Here, we keep the convention in which labels 1 and 2 denote g; and g, respectively.
The dimensionless parameter m quantifies residual qubit-driveline crosstalk: when a
drive at frequency w, /27 is applied to the control line of g1, a fraction m of the drive
amplitude couples directly to g», producing an unintended resonant excitation. We set
m = 0.01, corresponding to a spurious drive coupling to ¢, that is two orders of mag-
nitude weaker than the intended coupling to g; (in terms of voltage ratio). In terms
of power ratio, this translates to a 40 dB difference, which is a realistic assumption for
real devices [226].

Fig. 5.11 illustrates the time evolution under Eq. 5.27 of the Pauli operator expecta-
tion values of the two qubits over time, for the initial states [¥o) = [0,1052) and
[¥o) = [111042). In particular, (Y2) = (02) represents the desired g;-state depen-
dent cross-resonance behavior that we intend to maximize. As expected, the presence
of a spurious resonant drive for g, alters the qubit dynamics significantly. Complex
oscillating behavior is observed for (X;) = (oy1) and (Y1) = (0y1), which persists
even after turning off crosstalk (m = 0).

To simulate the standard echoed cross-resonance (CR) sequence, we partitioned the
total evolution time T into two equal intervals. During the first interval, the system
evolves under Hcr (Eq. 5.27). At the beginning of the second interval, we applied a
rt-rotation around £ on g3, then a 7-phase inversion of the microwave drive, while
the detuning and exchange terms remain unchanged. The Hamiltonian acting in the
second half, therefore, becomes:

~ A
H/CR = h§ (UZ1 ® I) +hJ (0’+10'_2 + 0’,10’4_2) — hQ (le &® I) — hmQ) (I & (sz) . (5.28)
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FIGURE 5.11: Expectation values of the Pauli operators for two detuned (A/27r = 100
MHz) coupled qubits (J /27 = 3.2 MHz) under a non-echoed cross-resonance drive
with amplitude }/27 = 8§ MHz.

As a result, the Pauli operator expectation values evolve as shown in Fig. 5.12. With
respect to the non-echoed evolution, the fast oscillations in (X;) and (Y;) are sup-
pressed, leaving oscillations produced by the A and | proportional terms in Hcg and
H/. Crucially, the (Y;) evolution now exhibits a cleaner initial state-dependence,
which is maximum at around 500 ns for the coupling strengths and detunings con-
sidered. Further optimization -beyond the scope of this thesis— could be carried out
to increase the two-qubit gate fidelity. For instance, pulse-shaping (such as DRAG
and related multi-quadrature envelopes to suppress leakage and phase errors), active
cancellation tones, and rotary pulses (accounting for unitary errors and crosstalk orig-
inating from other nearby qubits, if present) could be implemented, and then tuned
on real hardware using closed-loop calibration and benchmarking.

5.4 Design and measurement of superconducting devices

Following the quantum circuit design and simulation strategies discussed in
Secs. 5.1, 5.2, and 5.3, we produced several device layouts of increasing complexity,
up to a dark matter detector prototype compatible with the enhancement protocols
discussed in Chapter 4.

At the time of writing, some of these devices have been fabricated and characterized,
while the fabrication of others is scheduled. This part of the thesis work aimed to
refine our design, simulation, and fabrication pipeline to reliably produce a detection
device with well-characterized specifications.
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FIGURE 5.12: Expectation values of the Pauli operators for two detuned (A/27r = 100

MHz) coupled qubits (J /27 = 3.2 MHz) under an echoed cross-resonance drive with

amplitude (3/27r = 8 MHz. For each time t evaluated in these plots, the first half
evolved through 7{cR, and the second half through T/ (see Egs. 5.27 and 5.28).

5.4.1 Uncoupled qubits with standard readout

The simplest design we considered, in order to verify the Jaynes-Cummings interac-
tions between qubit and readout resonator, consists of four uncoupled qubits. Each
qubit is coupled to a A /4 readout resonator, in turn coupled to a feedline. The latter
is a simple transmission waveguide that connects two launchpads (left and right in
Fig. 5.13), which can be used interchangeably as the input and output of the feedline.
The device is designed ona 7.5 x 7.5 mm? frame, with four launchpads at the mid-
points of each side. The top and bottom launchpads connect two bifurcated drivelines
reaching the four qubits.

The four qubit pads share the same geometry, hence having approximately the same
effective capacitance Cy = 90 fF. A small variability in Cx (less than 1%) is expected,
since the different readout coupler lengths weakly affect it (see Eq. 5.1). The A/4 res-
onators are capacitively coupled both to the qubits and to the feedline, splitting close
to the feedline into two branches. One branch connects the interdigitated feedline cou-
pler, while the other terminates at ground at the far end of the CPW. Similar readout
geometries were implemented in [227]. The waveguide trace and gap widths were
chosen to be w = 10 pm and s = 6 pm, giving a characteristic impedance of Zy = 50
(2, assuming a substrate dielectric constant of €, = 11.4. Drivelines were tapered close
to the qubit to w = 3.3 ym and s = 2 pm, with a simulated effective capacitance to the
transmons of ~ 120 aF, and an estimated driveline decay-limited time of T} gyive ~ 120
- 160 ps.

The readout resonator CPW lengths were determined by fixing the expected unloaded
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FIGURE 5.13: Coplanar quantum circuit layout consisting of four uncoupled qubits
with standard dispersive coupling readout architectures and dedicated drivelines.
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TABLE 5.3: Target design parameters for the four-uncoupled qubits device (Fig. 5.13).
The frequencies w, /27 and w; /27 are bare.

q1 q2 q3 qa
w,/2n [GHz] 45 47 49 5.1

x/27 [MHz] —239 —238 —237 —236
w,/27 [GHz] 7.0 72 74 76
k/2m [MHz] 14 14 14 14
x/27 [kHz] 350 350 350 350
¢/2m [MHz] 772 776 781 784
L; [nH] 125 115 107 99
Tiparcen 1] ~ 239 ~236 ~233 ~ 231
Tiprve [1s]  ~ 158 ~ 146 ~ 134 ~ 123

frequency @, /27, then correcting it for the coupling load (the feedline):
., 2 2
Wy, X @y + ;ZoCkwr. (5.29)

The resonator length L thereby reads:

L=nrt. (5.30)

r

The target parameters for this device are summarized in Table 5.3.

Experimental characterization

The device shown in Fig. 5.13 was fabricated in the nanofabrication facilities of the
United States National Institute of Standards and Technology (NIST).

On a silicon substrate with a thickness of 300 pm, a Nb film was sputtered (with nom-
inal thickness 110 nm) and capped in vacuum with a thin PdAu layer (= 10 nm).
Patterning was performed by reactive-ion etching in an SF¢-based plasma. Profilome-
ter measurements of the step at the metal-silicon boundary indicate a total metal-
substrate step of ~ 150 nm. Subtracting the metal thickness gives an estimated silicon
trench depth of ~ 30 nm on average across the wafer. The ground plane was also
patterned with a grid of 25 x 25 um?, squares spaced by 75 um, to mitigate dissi-
pative magnetic vortices by acting as flux pins. We note that this structure is more
complicated than the one examined in Subsec. 5.1.2 for the cross-section simulation.
Further improvements in the qubit EPR simulations would include, for instance, the
PdAu layer. In this fabrication round, the use of PdAu is expected to reduce metal-air
surface losses, as discussed in [228].

In addition to fabrication, characterization in a cryogenic environment was also car-
ried out at NIST, by the Superconductive Electronics Group. A diagram of the mea-
surement setup is illustrated in Fig. 5.14. The scattering parameter Sy;(w) was mea-
sured, identifying the four readout resonances, shown in Fig. 5.15. The complex trans-
mission coefficient S, (w) for a single resonance was modeled as a Lorentzian curve
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FIGURE 5.14: Cryogenic measurement chain used to characterize the four-uncoupled
qubits device. The feedline input carries a total of 60 dB attenuation distributed
across the cryostat stages and a low-pass filter that suppresses signals above 10 GHz.
The drive line, which targets qubits g, and q4, has 70 dB of distributed attenuation
and another low-pass filter at 10 GHz. The feedline output connects a bandpass
(RLC) filter and two circulators, each providing approximately 20 dBm of isolation
(attenuation toward the chip). The first amplifier is a high-electron-mobility transis-
tor (HEMT) located at 4 K, followed by a room-temperature amplifier stage.
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FIGURE 5.15: Readout resonances for the four uncoupled qubits device, with stan-
dard feedline. Magnitude and circular fits were performed to extract the resonance
parameters.
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rotated in the complex plane:

‘ Qi1/ Qe
So1(w) = Ae (1 14 2iQ 2 )

wy

(5.31)
+co+ c1(wy, — w) + o (w, — w)? + c3(w, — w)?.
In Eq. 5.31, A and ¢ parametrize a scale factor and a rotation, while ¢ accounts for
possible feedline mismatches. To increase the flexibility of the model to capture other
frequency-dependent background contributions, a complex-valued cubic polynomial
was added. An immediate experimental observation is that the measured resonator
linewidths are anomalously large, k ~ 20 - 40 MHz, corresponding to Q. ~ 150 -
300. This result is in strong disagreement with both the expected coupling of approx-
imately 5 x 10°, derived from the procedure described in Subsec. 5.2.2. Also, prelim-
inary finite-element simulations of the readout structure (Ansys HFSS), which were
carried out prior to device manufacturing, returned modal quality factors of approxi-
mately 5 x 10%. Possible explanations include underestimated inductive contributions
to the feedline coupling, radiative or packaging losses, unintended parasitic coupling
to nearby structures, additional dissipative channels introduced by the sample mount
or wire bonds, or inaccuracies in the simulated boundary conditions and material loss
parameters. In particular, we emphasize the lack of specific wire bond connections in
the measured device, which, based on later studies (see Appendix D), could have led
to substantial improvements in the resonators” quality factors.
The central resonant frequencies are also lower than expected by around 100 - 150
MHz, potentially suggesting a higher coupling to the load than expected. Other con-
tributions not taken into account for the waveguide length corrections are the added
capacitance and inductance to ground from the couplers. Moreover, a substrate di-
electric coefficient that differs from the predictions may also introduce systematic
frequency displacements. For instance, a real value of €, = 11.7 instead of the as-
sumed €, = 11.4 would reduce the resonant frequencies by ~ 1%, corresponding to
~ 70 MHz.
Qubit spectroscopy was carried out using the continuous-wave two-tone method. A
fixed-frequency readout tone was sent at the resonator frequency w, /27, while a sec-
ond, weaker drive tone swept through the frequency range expected for the transmon
transitions. The resulting change in the qubit’s energy levels population produces a
measurable shift in the resonator. This shift is detected as a change in the transmission
parameter Sy;, observable as an amplitude and/or phase response, thus identifying
the transmon transition frequencies. Fig. 5.16 shows the two-tone spectroscopy for
q1, revealing the most significant transmon transitions w,; = wo1, w1z, wez. The latter
arises from a two-photon excitation process occurring at wo, /2.
Standard time domain protocols were used to quantify relaxation and dephasing. For
the T} measurement, the qubit, initialized in the ground state |0), was driven to the
excited state |1) with a calibrated 7r-pulse. After a variable delay 7, the qubit state
was read out dispersively via the resonator. The excited-state population was recon-
structed from the transmission Sy; (in-quadrature) fitting the curve

In-quadrature signal = Ae~™/T1 4 B, (5.32)

where A and B account for readout error and residual excitation. Dephasing was
measured with a Ramsey interferometry sequence. A 71/2-pulse was applied to the
qubit, placing its state on the Bloch sphere equator. After a free evolution time 7.
a second 71/2-pulse mapped the accumulated phase onto the population, which is
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FIGURE 5.16: Two-tone spectroscopy for g; in the four uncoupled qubit device, high-
lighting the transitions |0) <> [1), |0) <> |2), and |1) <> |2).

immediately measured. The drive frequency w, /27t was set slightly detuned from the
qubit frequency w, /27, so that the measured signal exhibited a sinusoidal modulation
at the Ramsey frequency A = w; — w, and phase ¢, rather than a very slowly varying
envelope caused by potential mismatch between w, and the drive tone. The resulting
trace was fitted with a damped oscillation of the form

In-phase signal = A cos(AT + ¢)e ™2 + B. (5.33)

Each measurement was repeated several times for each delay 7, and the outcome was
averaged. The results for q; are shown in Fig. 5.17.

The complete set of measured parameters is collected in Table 5.4. We note that the
Purcell limit T pyrcen retrieved using Eq. 2.83 is constantly lower than the T; observed
experimentally, indicating that it is a conservative estimate. Another approach, based
on retrieving the admittance seen by the qubit and using Eq. 2.87, was carried out
using the scikit-rf Python package (v. 1.3.0) [229], creating the lumped circuit shown
in Fig. 5.2 with the addition of the readout resonator coupling to the feedline, and
substituting the qubit with a port terminated at 50 2. Using the qubit’s admittance
extracted with scikit-rf evaluated at w;/27, we obtain another set of Ty pyrcen limits,
which are reported in Table 5.5.

With respect to the predictions in Table 5.4, only the one for g; is in good agreement
with the measured T;. Both estimation methods (Eq. 2.83 and Eq. 2.87) consistently
yield conservative estimates. Hence, these expressions provide a reliable lower bound
for T; in device simulations and are therefore appropriate for safe design analysis.
The qubit associated with the highest-frequency resonator (g4) was not observed. Its
absence may be due to errors in the junction deposition, or subsequent damage during
chip preparation and installation in the sample holder. Another possibility is that,
since k > x, the qubit signal was covered by noise, thus making characterization
impractical.
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FIGURE 5.17: Standard time domain measurements on g; for the four-uncoupled
qubits device. T; (top) and T, detuning the 7r/2-pulse by A/27t = 0.487 MHz from
wgy /27 (bottom).

TABLE 5.4: Experimental characterization of the four-uncoupled qubits device
(Fig. 5.13). The frequencies @,/27 and @,/27 are dressed. We assume a ~ alpha,
where & is dressed.

q1 q2 q3 q4
cbq /2 [GHz] 4.797 5.242 5.281 —

x/2m[MHz] =~ —-240 =~ —-250 =~ —240 —
@, /21 [GHz] 6.89 7.032 7.27 7.45
k/27t [MHz] 24.2 38.2 46.7 22.0

Q¢ 308 220 165 359
x/2m [kHz] 315 375 325 —
g/2m [MHz] 62.1 58.4 60.1 —
Ly [nH] 11.0 94 9.2 —
T1 purcenn [11s] ~75 ~ 39 ~ 37 -
T1 [ps] 12.4 5.4 5.2 -

T; [ps] 175 9.6 8.7 -
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TABLE 5.5: Four-uncoupled qubits device Purcell filter estimation through circuit
admittance (Fig. 5.13).

q1 q2 qs3 q4
Tl,Purcell [}15] ~156 ~23 ~29 —

5.4.2 Uncoupled qubits with Purcell filter readout

The device described in this Subsection differed from the one in Subsec. 5.4.1 in the
readout architecture. Here, the four readout resonators are coupled to a Purcell fil-
ter embedded in the feedline. The filter couples strongly to one readout port (input)
through an interdigitated coupler, and is directly connected to the second readout port
(output). Near the readout port, the waveguide splits, and one branch connects the
filter to ground, fixing the resonant modes. Fig. 5.18a illustrates the device design. The
mode we targeted for Purcell decay protection is the second-lowest of the Purcell filter,
i.e. the 3/4A, aiming at a frequency in between the ones of the readout resonators.
The positioning of the readout resonator couplers to the feedline-embedded Purcell
filter determines whether the coupling is far or close to the voltage anti-nodes. To
maximize the capacitive contribution to the coupling, we placed the resonators close
to the second anti-node as shown in Fig. 5.18b. Being a single Purcell filter designed
to work for all four qubits, the mode resonance was set to be broadband ~ 1 GHz,
corresponding to a quality factor Qr ~ 10. We tuned Qr by varying the dimension of
the interdigitated coupler (matching 50 {F) and the length of the grounded branch of
the CPW), starting from the splitting point near the output port (the shorter, the higher
QF).

As for the uncoupled qubit device with a simple readout architecture described in
Subsec. 5.4.1, the device was fabricated and measured at NIST by the same research
groups. The cryogenic setup is analogous to the one shown in Fig. 5.14.

Experimental characterization

The transmission spectra shown in Fig. 5.19 refer to two fabricated variants of this
device. The top and bottom panels consist of Purcell filters with lengths of 12.42 mm
and 12.02 mm, respectively. The variant at 12.02 mm was measured in an attempt
to characterize the Purcell filter mode of interest, and the four readout resonators
were shorted to ground through wire bonding before characterization. For this rea-
son, the bottom panel in Fig. 5.19 does not show the four readout resonances, al-
though it exhibits two unidentified spurious resonances around 5 GHz. The transmis-
sion spectra were fitted using a Lorentzian model, which yielded a central frequency
wy/2m = 6.56 GHz, Qr = 16.8 for the variant at 12.42 mm and wy/2m = 6.90 GHz,
Qr = 9.8 for the variant at 12.02 mm. Table 5.6 summarizes the design targets for the
device and the respective measured values.

The Purcell filter center frequency was targeted to be in the middle of the readout
resonators’ span, approximately at 7.3 GHz. The waveguide geometry was optimized
using the scikit-rf package, extracting S»;(w). However, the measured value devi-
ated considerably (700 MHz), affecting the Purcell decay protection. The readout res-
onator frequencies fell outside the broadband filter, which resulted in being between
the qubits and the readout resonators frequencies. We attribute this to the cause of
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(A) Four-uncoupled qubit layout with feedline-embedded Purcell filter.
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(B) Purcell voltage profile and readout resonator positioning.

FIGURE 5.18: Four-uncoupled qubit device with Purcell-filtered readout. (A) Copla-

nar quantum circuit layout consisting of four uncoupled qubits with dispersive cou-

pling to an embedded Purcell filter and dedicated drivelines. (B) Normalized abso-

lute voltage profile of the 3/4A Purcell filter mode as a function of the position in the

filter waveguide, starting from the Purcell coupler to the ground termination, and the

distance coordinate of the four readout resonators. The variant with a Purcell filter of
length 12.42 mm is shown.
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FIGURE 5.19: Transmission coefficient Sy; as a function of the probe power, for a Pur-

cell filter of lengths 12.42 mm (top) and 12.02 mm (bottom). The variant at 12.02 mm

was measured with the readout resonators shorted to ground through wire bonding.
A Lorentzian fit is displayed for both panels in a dashed red line.

TABLE 5.6: Target and measured parameters of the four-uncoupled device with Pur-
cell filter readout. The labels t and m indicate target and measure, respectively.

q3 a5 q3 4 9  9¥ 49 qf
wy/27[GHz] 45 47 49 5.1 — — — -
@,/271 [GHz]  — - - — 5132 5336 — 5780
x/27 [MHz] 242 241 —239 —238 — - — —
w, /27 [GHz] 70 72 74 76 — — — —

@,/2r [GHz]  — - - — 6837 7032 7251 7.440
o) ~10° ~10° ~10° ~10° 1130 11487 240 340
x/27[MHz] 130 130 130 130 155 175 — 145
¢/2m [MHz] 149 150 150 152 1133 1204 — 1077
Ty [ps] 82 40 — 53

T; [ns] 56 53 — 98
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the low T reported in Table 5.6. Qubit g3 was not found during the two-tone spec-
troscopy, and higher excitation levels have not been observed for the others. For this
reason, the anharmonicities were not extracted.

5.4.3 Coupled qubits

The subsequent device in terms of complexity comprises two transmon qubits cou-
pled via a fixed-frequency bus resonator. The primary objective of this design was to
demonstrate a cross-resonance interaction between the qubits and to identify poten-
tial improvements in future iterations concerning device modeling and engineering.
The readout architecture consists of a continuous transmission line with readout res-
onators coupled capacitively to it. At this preliminary stage, we opted not to include
a Purcell filter for readout improvement. The coupling strengths of the readout A/4
resonators to the feedline and qubits were modeled following the same approach de-
scribed in the previous subsections. The qubit pads feature a circular notch pattern,
and as in the devices described earlier in this Section, they were designed to yield
a total capacitance of Cx = 90 fF. The full quantum circuit layout is designed on a
5 x 5 mm? chip area. As with the uncoupled qubit devices discussed in Subsecs. 5.4.1
and 5.4.2, fabrication was carried out at the NIST Superconductive Electronics Group
nanofabrication facilities, employing the same layer structure and thicknesses. The
layout is shown in Fig. 5.20

Device characterization was performed in the cryogenic laboratory of the Univer-
sity of Milano-Bicocca, using the measurement setup illustrated in Fig. 5.21. Four RF
lines (feedline input-output and drivelines) were generated by a single Zynq Ultra-
Scale+ RFSoC ZCU216 board, with a DAC sampling rate of 9.85 GSPS and an ADC
sampling rate of 5 GSPS. Room temperature amplification was added to the feedline
input and the driveline to g, and a 5 GHz low-pass filter was also added to the 4,
driveline (once verified that the qubit’s frequency was below the filter threshold). RF
signals generation was handled through the Qibolab software [230] (v. 0.1.10), which
provided complete control over RF signal generation and the realization of calibration
experiments.

Experimental characterization

The scattering parameters Sy; of the two readout resonator modes were acquired, and
Fig. 5.22 shows the two resonance profiles. Similarly to the uncoupled qubit device
(see Subsec. 5.4.1), the readout resonator quality factors fall below expectations, yield-
ing large resonance linewidths (around ~ 30 MHz against our target of 1 MHz). An
explanation for such a discrepancy may be related to wire bond positioning, as dis-
cussed in Appendix. D. For this device, as for the uncoupled qubit one, the resonators’
linewidths are much larger than the dispersive shift (k > x), slowing down measure-
ments (as more time-averaging is needed to overcome noise), and undermining read-
out fidelity.

Qubit spectroscopies have been carried out using the two-tone spectroscopy tech-
nique, by sending a 1 ps probe pulse of varying frequency, and subsequently reading
out the resonator’s frequency displacement. Fig. 5.23 illustrates the spectroscopy at
different probe pulse amplitudes, power-Rabi oscillations in correspondence with the
transmon modes. The transition |1) <+ |2) was not observed for q; or g; on this power
scale, but it was recovered in a later stage (see Appendix C). Phase information for g,
and magnitude information for g, were reported, respectively.

In addition to spectroscopy, time-domain measurements were conducted. The 7-
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FIGURE 5.20: Coplanar quantum circuit layout consisting of two bus resonator-
coupled qubits, with standard dispersive coupling readout architectures and dedi-
cated drivelines.
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FIGURE 5.21: Cryogenic measurement chain used to characterize the two coupled
qubit device. The feedline input carries a total of 70 dB attenuation distributed across
the cryostat. At the mixing chamber stage, an Eccosorb infrared filter was added,
followed by a low-pass filter that suppresses signals above 9.8 GHz. The two drive-
lines have 50 dB of distributed attenuation and Eccosorb infrared filters at the mixing
chamber. The feedline output line passes through a low-pass filter and four circu-
lators, each providing approximately 20 dBm of isolation (attenuation toward the
chip). The first amplifier is a high-electron-mobility transistor (HEMT) located at 4 K,
followed by a room-temperature amplifier stage and a 5-10 GHz bandpass filter.
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FIGURE 5.22: Readout resonators transmission coefficients Sp; for the two coupled
qubits device.
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FIGURE 5.23: Two-tone spectroscopy for 4; (in phase) and g, (in magnitude) in the
coupled qubits device, highlighting transitions |0) <> |1) and |0) <> |2).
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FIGURE 5.24: Rabi oscillations over time as a function of the drive tone frequency
(chevron plot) for the coupled qubits device.
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FIGURE 5.25: Readout resonator transmission coefficients Sy; for the coupled qubits
device, when preparing the qubits in state |0) and |1), to extract the dispersive shifts
xs of g1 and g».

pulse calibration for each qubit was obtained through Rabi experiments, in which the
qubit was driven close to its resonance frequency with pulses of varying duration, and
the excitation probability was subsequently measured. The Rabi experiment was re-
peated, varying the drive frequency, and the results (exhibiting a chevron pattern) are
shown in Fig. 5.24. Similarly to the two-tone spectroscopy case, phase information is
displayed for g; and magnitude information is displayed for g5.

Once the m-pulse powers were calibrated, opting for a Gaussian envelope and a
duration of 60 ns, we measured the dispersive shifts where readout resonator spectro-
scopies were compared when first preparing the qubits in state |0) and |1), as depicted
in Fig. 5.25. We note that for 4; we attempted to map the output signal to the prob-
ability that the qubit was in state |1), although its precision was heavily affected by
the large overlap of the state distributions in the IQ plane (see Fig. 2.9b). A similar
mapping strategy was not successful for g», due to the even lower readout fidelity,
as reported in Appendix C. For this reason, in Fig. 5.25 we adopted the excited state
probability on the y-axis for q;, while leaving the signal magnitude for g,. We also
note that the state assignment calibration for the measurement of the T>-echo was dif-
ferent from the one adopted for T; and T3

For gy, we observe that T, > 2T;, which should not occur by construction (see
Eq. 1.29). However, this discrepancy is well explainable by considering time varia-
tions of the qubit coherence times. In particular, T; of g, was observed to be above
30 ps, which justified T, ~ 55 ps. The Purcell limit using Eq. 2.83 with the measured
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TABLE 5.7: Target and measured parameters of the two coupled qubits device. The
labels t and m indicate target and measure, respectively.

qi 95 q' q3'
w, /27 [GHZ] 5.0 45 — —
@, /27 [GHZ] — — 4.354 3.938
a/27 [MHz] —245 —245 ~ —-239 =~ —238
w, /27 [GHZ] 7.4 7.2 — —
@, /27 [GHZ] — — 7.226 6.958
Q. 6.0 x 10° 59 x 10° 370 142
x/27 [MHz] 0.25 0.25 0.21 0.07
¢/27t [MHZ] 66.6 62.9 66.8 46.9
Ty [ps] 94 26.6
T; [ps] 15.4 21.9
T> [ps] 15.9 55.9

values for x and Q. are T pyrcenn = 15 ps for g1 and T; purcen = 24 ps for qo. Consistent
with the uncoupled qubits device, Purcell-limited T; calculations resulted in conser-
vative estimates, as the measured value of T; for g, was longer than T; pyrcel-
Although the individual qubits were successfully characterized, we were unable to
detect any clear evidence of qubit-qubit interaction. In particular, we attempted to
measure the time evolution of one qubit (target) while driving the other (control) at
the target’s transition frequency. However, no reproducible behavior analogous to
that shown in Fig. 5.11 was observed. Specifically, no slow oscillations on the order of
1 ps were detected in any of the measured Pauli expectation values. Furthermore, the
qubit dynamics showed no dependence on the initial state.

We attribute this absence of interaction signatures to one or more possible causes: a
significantly reduced effective coupling strength | with respect to the target (J /27 ~
2 MHz), a short circuit in the bus coupler possibly caused by fabrication residues or
by bent-broken wire bonds contacting the bus coupler central conductor, or an exces-
sive noise level in the measurements due to the low-Q readout resonators. Further
investigation will be carried out, including the implementation of a quantum-limited
parametric amplifier at the first amplification stage to improve the signal-to-noise ra-
tio.

Table 5.7 collects the target and measured parameters for the coupled-qubits device.

5.4.4 Dark matter detector prototype design

The last device discussed in this Chapter is a prototype of the enhanced direct detec-
tion protocol, consisting of three transmon qubits coupled in a chain topology. The
central qubit, serving as the ancilla for the signal enhancement circuit, is coupled to
two sensing qubits through CPW bus resonators. With respect to the previous de-
vices, the A /4 readout resonators were replaced with A/2 ones, and qubit readout is
not multiplexed on a single transmission line. Rather, to each qubit are associated two
launchpads, corresponding to the input and output, coupled through dedicated A /4
Purcell filters. Moreover, the qubit single junctions have been replaced by SQUIDs,
and the junction leads have been translated closer to the ground plane to enable in-
ductive coupling with straight-shaped fluxlines. The device is designed ona 1 x 1 cm?
area and is depicted in Fig. 5.27.
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FIGURE 5.27: Coplanar quantum circuit layout of the detection device prototype,

consisting of two sensing qubits (51, S2), and one ancilla A. All qubits are frequency-

tunable and equipped with drivelines. Readout is not multiplexed and A /4 feedline-
embedded Purcell filters are used for each qubit.

The optimization of the couplers’ geometrical parameters was performed following
a procedure analogous to that described in Subsec. 5.3.1. The goal was to simultane-
ously tune the relevant circuit elements
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TABLE 5.8: Target parameters for the dark matter detection device prototype.

S: S, A
wg/2m [GHz]  5.10 4.60 5.20
« /27 [MHz] —213 —215 —236
w, /21 [GHZ] 6.95 6.80 7.10
w¢/2m [GHz] 6.60 6.40
Cy [fF] 12.8 13.3 124
Qp 13.3 13.8 15.3
x/2m [MHz] 0.9 0.9 0.9
g/2m [MHz] 68.5 80.7 66.2
T1 purcell [118] ~ 680 ~ 1745 ~ 805
T1 Drive [118] ~ 2315 ~ 2954 ~ 1656
C,4 [aF] 3.0 2.9 3.3
T1 Flux [1s] ~ 329 ~ 407 ~ 317
C¢ [aF] 7.8 7.8 7.8
Pext @ 1 MA 0.235 0.235 0.235

where S1, 52 A denote the first and second sensing qubits and the ancilla, respectively.
The labels S1-A and A-S1 correspond to the coupler capacitances connected to the bus
resonator on the sensing-qubit and ancilla sides, respectively (and analogously for
52-A and 52-A). The challenging aspect of this procedure is that the system Hamil-
tonian comprises eight fundamental modes (three qubits and five CPW resonators),
and excitations beyond the first levels must be accounted for the qubit. During the
numerical minimization of the function in Eq. 5.34, the Hamiltonian is rebuilt several
times, making the optimization computationally expensive. To reduce the number of
calls to the QuCAT’s Hamiltonian constructor, we replaced the optimization algorithm
from the standard method, i.e. a variant of the Broyden-Fletcher—-Goldfarb—Shanno
(BFGS) algorithm [231] with the Constrained Optimization BY Linear Approxima-
tion COBYLA algorithm [232], and considered only four excitation levels (including
ground state) for the qubits and two for the linear resonators.

Table 5.8 collects the target parameters of the device. The sensing qubits effective ca-
pacitance was chosen to be Cs ~ 100 fF, since the DM-induced signal is proportional
to Cx (see Eq. 3.28), while the ancilla target capacitance remained at Cs ~ 90 fE. Fur-
thermore, increasing the size of the pads longitudinally to match a higher Cs also
increases the dipole length [, which is approximately equal to the distance between
the midpoints of the pads.
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Chapter 6

Conclusions and outlook

This thesis develops and evaluates a practical approach to using superconducting
transmon qubits as sensitive microwave probes for dark-sector fields. The primary
candidates of interest are ultralight, weakly-coupled bosons, namely axions, axion-
like particles, and dark photons. Searching for these candidates is a common goal of
superconducting microwave cavity and haloscope experiments, and the use of qubits
is expected to either integrate them to improve their sensitivity or be implemented
directly as standalone detectors.

The core detection concept considered in this thesis relies on direct transmon qubit
excitation caused by a dark-sector field. When a transmon qubit is tuned into res-
onance with a monochromatic, coherent microwave field produced by dark-matter
conversion, it undergoes Rabi-like dynamics at a rate determined by the strength of
dark-sector coupling to the ordinary photon. This coherent evolution provides the de-
tector signal. The experimental protocol begins by preparing the qubit in its ground
state, then allowing dark matter interaction (by letting the qubit evolve freely) for a
duration compatible with the qubit’s coherence time (~ 100 ps). At the end of this
interval, the qubit is measured. By repeating the procedure, it is possible to infer the
probability of finding the qubit in its excited state. By sweeping the qubit frequency
across a target range, an excess excitation probability at a specific frequency would
indicate a resonant field potentially attributable to dark matter.

The central contribution of this thesis is an effective signal amplification method that
transforms the qubit’s excitation probability (right after interacting with dark matter)
into an observable with enhanced sensitivity to weak signals buried in background
noise and dark counts. This transformation is implemented through quantum gates
that coherently manipulate the qubit state. To enable a nontrivial mapping, the com-
putational Hilbert space is extended by coupling the sensing qubit to an ancilla. The
resulting quantum circuit incorporates a mid-circuit measurement of the ancilla fol-
lowed by post-selection. Successful post-selection dramatically increases the detector
sensitivity, producing a rapid variation in the final sensing qubit excitation probability
as a function of its state before applying the circuit. Conversely, failed post-selection
yields a final quantum state that is independent of the sensing qubit’s dark matter in-
teraction history. The protocol, therefore, requires trading off the success probability
of post-selection and the advantage achievable when the post-selection succeeds.
This signal enhancement circuit possesses significant practical advantages. It requires
only a single two-qubit gate without imposing strict architectural constraints, making
it well-suited for modern superconducting quantum computing platforms. Further-
more, unlike existing enhancement schemes in the literature that require preparing
multi-qubit entangled states before dark matter interaction and maintaining their co-
herence throughout long evolution times, this protocol applies enhancement only after
the sensing qubit has interacted with dark matter—a considerably less demanding ex-
perimental requirement. Nevertheless, the experiment remains subject to noise and
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experimental errors, which are comprehensively addressed in this thesis.

We developed simulations based on Kraus-channel descriptions that account for deco-
herence (i.e. finite T; and T, during dark matter interaction, readout, and gate imple-
mentation), readout errors on both the sensing qubit and ancilla, temperature-induced
thermal population, and initial state preparation error. From the results of these sim-
ulations, we identified three parameters that heavily affect the overall detection per-
formance: a rotation angle used in the enhancement circuit (which is the only degree
of freedom in the transformation), state-preparation fidelity, and readout error. The
enhancement protocol shows a good degree of tolerance to a moderate level of state-
preparation error and excellent mitigation of readout error effects, yielding significant
advantages over a baseline sensing-and-sampling strategy without enhancement.

To quantify the practical benefit, we introduced a speedup metric G, defined as the fac-
tor by which the enhanced experiment reduces the required integration time to reach
the same exclusion limit of the signal strength as a baseline non-enhanced experiment.
The comparison is carried out in a statistical-noise-limited assumption, and consider-
ing the same number of qubits. At this stage, the analysis focused on dark photons, as
extending the search to axions and axion-like particles would require applying few-
tesla magnetic fields directly to the chip, which is not yet feasible without severely
degrading qubit coherence.

Considering a two-qubit detector, comprising one sensing qubit and one ancilla in the
enhanced configuration, versus two parallel sensing qubits in the base experiment,
we evaluated three representative error scenarios. Under low readout performance
(5% assignment error) and low state preparation error (0.1%), we obtained G ~ 2 —5
between 2.5 GHz and 6.0 GHz. With high readout performance (0.5% assignment er-
ror) and high state preparation error (1%), the speedup degraded to G ~ 0.85 — 1.20,
making the protocol overall disadvantageous. In an optimistic scenario (yet within
reach of existing devices), featuring readout and state preparation error probabilities
of 0.5% and 0.1% respectively, we achieved G ~ 1.05 - 2.75.

Scaling to multiple sensing qubits coupled to a single ancilla enables the sequential ap-
plication of enhancement circuits after all sensing qubits have undergone dark matter
interaction simultaneously. This architecture increases G up to a factor of two, yield-
ingG~4-10,G ~1.7-24,G ~ 2.1-5.5 for the three scenarios mentioned above.
Sensitivity projections for the dark photon kinetic mixing parameter € were calculated
in the optimistic noise scenario, assuming statistical error dominance. For a reference
deployment of 120 physical qubits in a many-sensors-to-one-ancilla architecture with
three years of integration time, the projected exclusion limit on € at the 95% confidence
level reaches approximately 1 x 10~ between 2.5 GHz and 6.0 GHz, corresponding
to the mass range 10 eV - 25 eV, far surpassing cosmological constraints and exceeding
current limits from haloscope experiments.

A substantial portion of this thesis addresses the realization of a quantum device serv-
ing as an enhanced dark matter photon detection prototype. We describe the design
and simulation methods for achieving suitable Hamiltonian parameters (qubit and
readout resonator frequencies, Kerr nonlinearities) and high coherence (charge noise
resilience, minimal surface-oxide participation in decoherence, Purcell decay suppres-
sion). These methods were validated through the fabrication and characterization of
test devices with increasing architectural complexity. The first device consists of four
uncoupled fixed-frequency qubits read out dispersively through a continuous trans-
mission line, while the second one is a variant incorporating a Purcell filter with A /4
boundary conditions embedded in the transmission line. The last, third device fea-
tures two qubits coupled through a bus resonator.

These quantum devices were fabricated by the Superconductive Electronics Group of
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the US National Institute of Standards and Technology (NIST) and characterized at
both NIST and the University of Milan-Bicocca. Measured parameters (including res-
onance frequencies, dispersive shifts, anharmonicities, qubit-readout couplings, and
coherence times) agree with design expectations and modeling. The notable exception
was the readout resonators’ loaded quality factors, which were consistently lower than
predicted. This discrepancy increased Purcell-induced relaxation to the extent that the
T; relaxation time of all the qubits measured was Purcell-limited.

The coupled-qubits device demonstrated satisfactory individual qubit performance.
However, observations of coherent inter-qubit interaction were inconclusive, poten-
tially due to measurement challenges arising from large-linewidth readout resonators
or damaged wire bonding connecting the bus to ground.

Extending the enhancement scheme proposed in this thesis to axions and axion-like
particles is straightforward, as the enhancement circuit itself is independent of the
specific dark-sector interaction. However, for this direct detection approach, axion
search requires a static magnetic field applied directly to the sensor. Superconducting
qubits and their packaging have not yet been widely demonstrated to maintain high
coherence in such field environments. Consequently, pursuing axion searches requires
dedicated research and development on magnetic-field-resilient qubit designs, mate-
rials, or alternative packaging approaches that preserve coherence while enabling the
necessary magnetic environment.

Next steps in this study include refining device design and simulation to achieve

higher readout performance and coherence, establishing reproducibility across fabri-
cation runs, and engineering high-fidelity two-qubit gates with optimized drive and
readout pulses. The goal is to realize a state-of-the-art, or near-state-of-the-art, three-
qubit quantum device demonstrator of the enhancement.
We also identify two complementary research directions that could further advance
dark matter direct detection using gate-based approaches. First, exploring alterna-
tive circuit architectures may reveal improved trade-offs between post-selection suc-
cess probability and signal enhancement by exploiting different sensing-ancilla cou-
pling configurations. Implementing automatic gate-sequence optimization using non-
differentiable algorithms such as genetic searches could yield substantial performance
gains. Second, leveraging alternatives to transmons, particularly fluxonium qubits,
could extend sensitivity to lower frequency regimes (down to a few MHz) while main-
taining high coherence, at the cost of increased fabrication complexity and dealing
with less mature two-qubit gate techniques. Additionally, operating transmons or
fluxoniums in qutrit or qudit regimes may expand the detectable frequency range be-
yond 10 GHz.

Overall, this thesis demonstrates that near-term superconducting quantum proces-
sors can serve as programmable, quantum-enhanced microwave detectors for dark-
sector searches. The combination of a hardware-efficient enhancement circuit, realistic
noise modeling, and prototype device characterization provides a concrete roadmap
from conceptual design to experimentally competitive sensitivity. It also identifies the
critical engineering milestones needed to translate statistical sensitivity into robust ex-
clusion limits. By addressing the experimental challenges highlighted in this thesis,
programmable superconducting sensors can become a complementary and competi-
tive tool in the global effort to detect dark matter in the microwave regime.
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Code Availability

The simulation and design data collected or generated, and the codes developed for
this thesis, are openly available on GitHub:

¢ QubitDM - Qubits for Dark Matter Search [233].
¢ QDAST - Quantum Design And Simulation Tool [234].


https://github.com/rmoretti9/QubitDM
https://github.com/rmoretti9/QDAST
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Appendix A

Gate-based Ramsey measurement

In the absence of pulse-level control for remote quantum devices, the T; (Ramsey) can
be measured directly at the gate level, assuming the latter are well calibrated when the
measurement is taken. The quantum circuit corresponding to this operation is shown
in Fig. A.1.

We note that, since the pulse frequency cannot be detuned from its predefined value,
the detuned Ramsey experiment (e.g. the one shown in the bottom panel of Fig. 5.17)
cannot be carried out. A small displacement of the drive pulse frequency from the
qubit’s frequency could still create slow modulations of the exponential profile, reduc-
ing the measurement’s reliability. However, no such modulation was clearly observed
on the QPUs when executing the quantum circuits. The quantum circuit was sampled

= S X

FIGURE A.1: Quantum circuit describing a T; (Ramsey) measurement of a qubit.

several times to estimate the qubit’s excitation probability after a delay 7. The experi-
ment was repeated for multiple delays, and T; was extracted by fitting the excitation
probability at different delays with the function

Excitation probability = A cos(AT + ¢)e” /T2 + B, (A1)

where A and B account for readout error and residual excitation, A and ¢ account for
the frequency and phase of residual Ramsey modulation.
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Appendix B

Perturbative cross-resonance Pauli
coefficients

Following the results of [225] on the perturbative calculation of the cross-resonance
Hamiltonian, we report the Pauli coefficients calculated up to the third order in (3/A.

JO) + Azx1]03
A+ (A+a1)3(2A—|—IX1)(2A—I—3tX1).

wix = — (B.1)
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Appendix C

Additional measurements for the
coupled qubit device

C.1 Anharmonicity extraction

Transitions wq; in the two-tone spectroscopy illustrated in Fig. 5.16 were not visible.
Fig. C.1 shows a spectroscopy carried out at higher drive power, making the w; signal
visible.

The measurement yielded, when computing the anharmonicity as &« = wg; — wiy,

= 0.28 1
S5,
— :
~0.26 ! ‘
5°%° N | e e
1 i 1
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U)O'23— [ | .
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FIGURE C.1: Two-tone spectroscopy for g; and g5 in the coupled qubits device, high-
lighting the transitions |0) <> |1), |0) <> |2), and |1) < |2).

a/2m ~ —253 MHz for q; and a/27m ~= —243 MHz for g,. When computing o« =
2wp — wez, we obtained a /27 ~= —256 MHZz for q; and a /271 ~= —236 MHz for ¢.
The bifurcation visible in correspondence with the wy; resonance is compatible with
the power-Rabi shape observed in Fig. 5.23.
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C.2 State assignment fidelity

To assess the qubit readout performance, state assignment experiments were car-
ried out for both qubits in the device. For g;, we centered the readout pulse at
wy /21 = 7.225382 GHz with a duration of 5 ps, while for ¢, the frequency was set
to wy/2m = 6.9585 GHz and the duration to 8 ps. The assignment accuracy, i.e. the

Q [a.u.]

004 %1
—0.11
~0.2 >

' S
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04779 0]
—o054 @ |1}
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FIGURE C.2: IQ-plane representation of multiple single-shot readout experiments for
71 (left) and g5 (right) when prepared in states |0) (blue) and |1) red. The distribution
centroids are marked with an “X”.

fraction of measurements that were attributed to the correct state in which the qubit
collapsed, resulted of 79.7% and 61.3% for q; and g, respectively.
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Appendix D

Impact of wire bonds on CPW
quality factors

In an attempt to investigate the cause of the large discrepancy between expected and
measured readout resonator quality factors, described throughout Chapter 5, we char-
acterized the impact of wire bond positioning by numerically simulating the CPW
eigenmode and its total quality factor Q using Ansys HFSS. Particularly, we observed
a substantial quality factor drop in the absence of a wire bond connecting the ground
plane placed close to the interdigitated coupler to the feedline. Fig. D.1 shows the
CPW eigenmodes corresponding to the readout resonator of qubit Q1 in the coupled
qubits device, and the resulting |Sy1| spectrum with and without the coupler wire
bond.

By adding the wire bond in correspondence with the coupler, the simulated quality
factor increases from Q ~ 500 to Q ~ 4200, gaining a factor of ~ 8. Such an increase
may be justified by allowing for a much shorter return path through the wire bond,
mitigating the effects of abrupt impedance changes introduced by splits or the coupler
shape, and stabilizing the ground plane potentials across the CPW resonator sides,
avoiding parasitic slotline modes [235]. Additionally, we observe a ~ 250 MHz shift
in the eigenmode frequency. In the wire bonded coupler case, the frequency appears
much closer to the target value of 7.4 GHz (see Table 5.7). We conclude that robust,
low-impedance connections between the ground planes near the interdigitated cou-
pler are crucial to recover the ideal CPW resonator behavior. This will be validated
experimentally in future cryogenic cooldowns and device characterizations.
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(A) Ansys HFSS Eigenmode field solutions.

0 T —‘\ Tr
-5 1 1S
[
—_ i
E _10 7 |I
& '.
N 15 A 1
( —— No wire bond
| ——  With wire bond
=20 Fit (no wire bond): Q=510
=== Fit (wire bond): Q=4202

_25 T T T T T T T
7.10 7.15 7.20 7.25 7.30 7.35 7.40
Frequency [GHZz]

(B) Ansys HFSS modal |S; | solutions.

FIGURE D.1: Ansys HFSS finite-element simulation for the readout resonator of qubit

Q1 in the coupled chip device. (A) CPW eigenmodes, without (left) and with (right)

wire bond close to the interdigitated coupling to the feedline. (B) Modal simulation

of the feedline S;; magnitude in the two wire bonding configurations. Resonance
fitting quantifies the difference in quality factors.
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