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Superconducting qubit ➝ anharmonic oscillator
Substitute the inductor with a Josephson Junction 

 

JJ acts as a non-linear inductor.

H = 4ECn2 − EJ cos(ϕ)

2

In Sec. IV, we provide a review of how single- and two-qubit
operations are typically implemented in superconducing circuits, by
using a combination of local magnetic flux control and microwave
drives. In particular, we discuss the family of two-qubit gates arising
from a capacitive coupling between qubits, and introduce several
recent advances that have been demonstrated to achieve high-fidelity
gates, as well as applications in quantum information processing that
use these gates. The continued development of high-fidelity two-qubit
gates in superconducting qubits is a highly active research area. For
this reason, we include sufficient technical details that a reader may
use this review as a starting point to critically assess the pros and cons
of the various gates, as well as develop an appreciation for the types of
gate-engineering already implemented in-state-of-the-art supercon-
ducting quantum processors.

Finally, in Sec. V, we discuss the physics and engineering associ-
ated with the dispersive readout technique, typically used to measure
the individual qubit states in modern quantum processors. After a
discussion of the theory behind dispersive coupling, we give an intro-
duction to design of Purcell filters and the development of quantum-
limited parametric amplifiers (PAs).

II. ENGINEERING QUANTUM CIRCUITS
In this section, we will demonstrate how quantum systems based

on superconducting circuits can be engineered to achieve certain
desired properties. Using the most common qubit modalities, we dis-
cuss how properties such as the qubit transition frequency, anharmo-
nicity, and noise susceptibility can be tailored by the choice of circuit
topology and element parameter values. We also discuss how to engi-
neer the interactions between different quantum systems, in particular,
the cases of qubit-qubit and qubit-resonator couplings.

A. From quantum harmonic oscillator to the transmon
qubit

A quantum mechanical system is governed by the time-
dependent Schr€odinger equation

Ĥ jwðtÞi ¼ i"h
@

@t
jwðtÞi; (1)

where jwðtÞi is the state of the quantum system at time t, "h is the
reduced Planck’s constant h/2p, and Ĥ is the “Hamiltonian” that
describes the total energy of the system. The “hat” is used to indicate
that Ĥ is a quantum operator. As the Schr€odinger equation is a first-
order linear differential equation, the temporal dynamics of the quan-
tum system may be viewed as a straightforward example of a linear
dynamical system with a formal solution

jwðtÞi ¼ e$iĤ t="hjwð0Þi: (2)

The time-independent Hamiltonian Ĥ governs the time evolution of
the system through the operator e$iĤ t="h. Thus, just as with classical
systems, determining the Hamiltonian of a system—whether the clas-
sical Hamiltonian H or its quantum counterpart Ĥ—is the first step to
deriving its dynamical behavior. In Sec. IV, we consider the case when
the Hamiltonian is time-dependent in the context of qubit control.

To understand the dynamics of a superconducting qubit circuit,
it is natural to start with the classical description of a linear LC reso-
nant circuit [Fig. 1(a)]. In this system, energy oscillates between

electrical energy in the capacitor C and magnetic energy in the induc-
tor L. In the following, we will arbitrarily associate the electrical energy
with the “kinetic energy” and the magnetic energy with the “potential
energy” of the oscillator. The instantaneous, time-dependent energy in
each element is derived from its current and voltage

EðtÞ ¼
ðt

$1
Vðt0ÞIðt0Þdt0; (3)

where Vðt0Þ and Iðt0Þ denote the voltage and current of the capacitor
or inductor.

To derive the classical Hamiltonian, we follow the standard
approach used in classical mechanics: the Lagrange-Hamilton formu-
lation. Here, we represent the circuit elements in terms of one of its
generalized circuit coordinates, charge or flux. In the following, we
pick flux, defined as the time integral of the voltage

UðtÞ ¼
ðt

$1
Vðt0Þdt0: (4)

In this example, the voltage at the node is also the branch voltage across
the element. In this section, we will simply refer to these as node vol-
tages and fluxes for convenience. For a more detailed discussion of
nodes and branches in this context, we refer the reader to Ref. 44.

Note that in the following, we could have exchanged our associa-
tions with kinetic energy (momentum coordinate) and potential
energy (position coordinate), and instead start with the charge variable
Q(t), which is the time integral of the current I(t).

By combining Eqs. (3) and (4), using the relations V ¼ L dI=dt
and I ¼ C dV=dt, and applying the integration by parts formula, we

FIG. 1. (a) Circuit for a parallel LC-oscillator (quantum harmonic oscillator, QHO),
with inductance L in parallel with capacitance, C. The superconducting phase on
the island is denoted as /, referencing the ground as zero. (b) Energy potential for
the QHO, where energy levels are equidistantly spaced "hxr apart. (c) Josephson
qubit circuit, where the nonlinear inductance LJ (represented by the Josephson-
subcircuit in the dashed orange box) is shunted by a capacitance, Cs. (d) The
Josephson inductance reshapes the quadratic energy potential (dashed red) into
sinusoidal (solid blue), which yields nonequidistant energy levels. This allows us to
isolate the two lowest energy levels j0i and j1i, forming a computational subspace
with an energy separation "hx01, which is different than "hx12.
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Quasiparticle poisoning
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❖ Relaxation ➝ loss of qubit state in a T1 time scale (|1⟩ → |0⟩) 

❖ Athermal phonons produced in the substrate breaks the Cooper pair creating 
quasiparticles which tunnel through the JJ producing relaxation

Google Quantum AI (2022)

Can we use qubits as low temperature detectors for 
measuring particles depositing energy in the substrate?

Δ = 180 𝜇eV for Aluminum

https://www.nature.com/articles/s41567-021-01432-8?fromPaywallRec=false
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Expected energy threshold
• Use G4CMP to simulate the phonon dynamics in specific geometries 
• Actual qubit design not optimized for particle detection ➝ low phonon collection 

efficiency  
• Can estimate the phonon collection efficiency vs. the distance from the phonon production

Linehan et al, (2024)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.111.063047
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Analysis goals
1. Validate the Quasiparticle density model through a fit on the experimental data 

2. Reconstruct energy deposited in individual qubits and in the substrate 
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Experimental 
data

Binomial maximum likelihood fitQuasiparticle 
density models

Example fit

Celi et al. (2026)

https://arxiv.org/pdf/2604.13176
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Experimental data
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❖ Array of 10 fixed-frequency transmon qubits 
(Aluminum on Silicon) 

❖ Coincidences between muon scintillating 
detectors and correlated errors 

❖ ~266 hr background data  
(~10 mHz event rate) 

❖ ~16 hr 137Cs source data  
(~100 mHz event rate) 

❖ Only 5 qubits available for the analysis  
➝ slow recovery

Harrington et al, (2024)

https://arxiv.org/abs/2402.03208
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Pulse sequence
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Quasiparticle density model

Where: 

 

 

 = baseline 

α = Δt
2ωqΔ
π2ℏ

β =
nCPVΔ

ϵ
γ

pr = 1 − e−Γ(t)Δt

= 1 − exp
−αEdep

Edep [τssr (et/τss − 1)] + βet/τss

− γ

QP dynamics is dominated by QP self-recombination, linear loss and QP generation mechanisms. The 
probability of relaxation in a time  is:Δt

 = recombination constant rate 

 = linear loss decay time 

 = Energy deposited in the qubit

r
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Analysis workflow

Events selection
Average pulse method:  
Measurement of model 

parameters
Single waveform fit

Position and total 
energy reconstruction

Geant4 simulation
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Waveform fit

Limited by 
saturation

Limited by 
noise
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Fit every waveform with QP density model for each qubit: 

➝ r estimated independently with the average pulse method 

➝ fit uncertainty depends strongly on Edep 
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Amplitude correlation
CP breaking process is activated by athermal phonons which keep the information about event position  
➝ energy deposited is correlated among qubits

11
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Position reconstruction
Phonon collection efficiency+
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Linehan et al, (2024)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.111.063047
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Geant4 validation
Simulate the 137Cs 
source in cryostat 

geometry 

Extract total energy 
released in the chip

Replicate the energy deposited 
from solid state simulations

Process simulated pulses 
using same experimental 

cuts

Compare 
results!

EG4in
tot

 , EG4rec
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dep

EG4in
dep

Mock data
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Energy spectrum ➝ 137Cs data + simulation
Applying same analysis cuts are for processed Geant4 waveforms and real data, the agreement among the two 
spectra is pretty good. Slope difference to be attributed to simulation uncertainties on the probability of phonon 
absorption and the substrate interfaces
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avoid phonon reflections
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Conclusion and acknowledgments

❖ This work demonstrates that the pulse shape of correlated decoherence events is extremely useful in 
understanding qubits’ response as sensors 

❖ Superconducting qubit arrays can be used as potential tools to sense position and total energy for particle 
detection  

Acknowledgments: 
❖ NU/FNAL: Emanuela Celi, Dan Baxter, Tali Figueroa-Feliciano, Ryan Linehan 
❖ MIT/LL: Will Oliver, Kyle Serniak, Joe Formaggio, Patrick Harrington, Doug Pinckney, Mingyu Li 
❖ My involvement in this work has been done through Northwestern’s participation in the Quantum Science 

Center.

See D. Baxter talk for more on 
superconducting qubits! 
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What is a qubit?
• Qubit: any two level quantum system 
• Multiple qubits can form entangled states 
• Quantum logic gates are represented as controlled 

rotations of the state vector in the Block sphere

18
jwi ¼ a j0iþ b j1i ¼ cos

h
2
j0iþ ei/ sin

h
2
j1i: (36)

The Bloch vector is stationary on the Bloch sphere in the “rotating
frame picture.” If state j1i has a higher energy than state j0i (as it gen-
erally does in superconducting qubits), then in a stationary frame, the
Bloch vector would precess around the z-axis at the qubit frequency
ðE1 $ E0Þ=!h. Without loss of generality (and much easier to visualize),
we instead “choose” to view the Bloch sphere in a reference frame
where the x and y-axes also rotate around the z-axis at the qubit fre-
quency. In this “rotating frame,” the Bloch vector appears stationary
as written in Eq. (36). The rotating frame will be described in detail in
Sec. IVD1 in the context of single-qubit gates.

For completeness, we note that the density matrix q ¼ jwihwj
for a pure state jwi is equivalently

q ¼ 1
2
ðI þ~a &~rÞ ¼ 1

2
1þ cos h e$i/ sin h
ei/ sin h 1þ sin h

! "
(37)

¼
cos2

h
2

e$i/ cos
h
2
sin

h
2

ei/ cos
h
2
sin

h
2

sin2
h
2

0

BB@

1

CCA (38)

¼ jaj2 ab'

a'b jbj2

 !

(39)

where I is the identity matrix, and~r ¼ ½rx;ry; rz) is a vector of Pauli
matrices. If the Bloch vector ~a is a unit vector, then q represents a
pure state w and Tr(q2) ¼ 1. More generally, the Bloch sphere can be
used to represent “mixed states,” for which j~aj < 1; in this case, the
Bloch vector terminates at points “inside” the unit sphere, and
0 * Trðq2Þ < 1. To summarize, the surface of the unit sphere repre-
sents pure states, and its interior represents mixed states.6

2. Bloch-Redfield model of decoherence

Within the standard Bloch-Redfield109–111 picture of two-level
system dynamics, noise sources weakly coupled to the qubits have

short correlation times with respect to the system dynamics. In this
case, the relaxation processes are characterized by two rates (see Fig. 4),

longitudinal relaxation rate : C1 +
1
T1
; (40)

transverse relaxation rate : C2 +
1
T2
¼ C1

2
þ Cu; (41)

which contains the pure dephasing rate Cu. We note that the defini-
tion of C2 as a sum of rates presumes that the individual decay func-
tions are exponential, which occurs for Lorentzian noise spectra
(centered at x ¼ 0) such as white noise (short correlation times) with
a high-frequency cutoff.

The impact of noise on the qubit can be visualized on the Bloch
sphere in Fig. 4(a). For an initial state (t¼ 0)

jwi ¼ aj0iþ bj1i; (42)

the Bloch-Redfield density matrix qBR for the qubit is written
112,113

qBR ¼
1þ ðjaj2 $ 1Þe$C1t ab'eidxte$C2t

a'be$idxte$C2t jbj2e$C1t

 !
: (43)

There are a few important distinctions between Eqs. (43) and (39),
which we list here and then describe in more detail in Secs.
III B 2 a–III B 2 c.

• First, we have introduced the “longitudinal decay function”
exp ð$C1tÞ, which accounts for longitudinal relaxation of the qubit.

• Second, we introduced the “transverse decay function” exp ð$C2tÞ,
which accounts for transverse decay of the qubit.

• Third, we have introduced an explicit phase accrual exp ðidxtÞ,
where dx ¼ xq $ xd, which generalizes the Bloch sphere picture to
account for cases where the qubit frequency xq differs from the
rotating-frame frequency xd, as we will see later when discussing
measurements of T2 using Ramsey interferometry,114,115 and in Sec.
IVD 1, in the context of single-qubit gates.

• Fourth, we have constructed the matrix such that for t , ðT1; T2Þ,
the upper-left matrix element will approach a unit value, indicating

FIG. 4. Transverse and longitudinal noise represented on the Bloch sphere. (a) Bloch sphere representation of the quantum state jwi ¼ a j0iþ b j1i. The qubit quantization
axis—the z axis—is “longitudinal” in the qubit frame, corresponding to rz terms in the qubit Hamiltonian. The x-y plane is “transverse” in the qubit frame, corresponding to rx
and ry terms in the qubit Hamiltonian. (b) Longitudinal relaxation results from the energy exchange between the qubit and its environment, due to transverse noise that couples
to the qubit in the x–y plane and drives transitions j0i $ j1i. A qubit in-state j1i emits energy to the environment and relaxes to j0i with a rate C1# (blue arched arrow).
Similarly, a qubit in-state j0i absorbs energy from the environment, exciting it to j1i with a rate C1" (orange arched arrow). In the typical operating regime kBT - !hxq, the
up-rate is suppressed, leading to the overall decay rate C1 . C1#. (c) Pure dephasing in the transverse plane arises from longitudinal noise along the z axis that fluctuates
the qubit frequency. A Bloch vector along the x-axis will diffuse clockwise or counterclockwise around the equator due to the stochastic frequency fluctuations, depolarizing the
azimuthal phase with a rate C/. (d) Transverse relaxation results in a loss of coherence at a rate C2 ¼ C1=2þ C/, due to a combination of energy relaxation and pure
dephasing. Pure dephasing leads to decoherence of the quantum state 1=

ffiffiffi
2
p$ %
ðj0iþ j1iÞ, initially pointed along the x-axis. Additionally, the excited state component of the

superposition state may relax to the ground state, a phase-breaking process that loses the orientation of the vector in the x-y plane.

Applied Physics Reviews REVIEW scitation.org/journal/are

Appl. Phys. Rev. 6, 021318 (2019); doi: 10.1063/1.5089550 6, 021318-11

Published under license by AIP Publishing

+ others
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An example

19

Whole chip

Qubit

Readout 
Resonator

Feedline

Qubit 
“inductor” 

(2-JJ 
SQUID)

Qubit 
capacitor
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Some geometries

20
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Fabrication
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Harrington et al, (2024)

https://arxiv.org/abs/2402.03208
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Measurement and trigger
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Harrington et al, (2024)

https://arxiv.org/abs/2402.03208


Model parameters

Where: 

 

 

 = baseline 

α = δt
2ωqΔ
π2ℏ

β =
nCPVΔ

ϵ
γ

23

pr = 1 − e−Γ(t)Δt

= 1 − exp
−αEdep

Edep [τssr (et/τss − 1)] + βet/τss

− γ

Probability of relaxation in a time :Δt

 = time step = 1𝜇s + 1/2 R.O. = 3𝜇sδt



Readout fidelities

• Single shot fidelity calibration every ~45 min 
• Calculate separation fidelity from IQ plots 
• Adjust probability of relaxation accounting for 

readout fidelities: 
 
pobs = pr ⋅ pg + (1 − pr) ⋅ pge

= pr ⋅ ℱ + pge

24



Fit procedure
For each waveform sample, the probability of finding  errors is given by a binomial 

distribution:  

The joint probability of acquiring a set of measured waveform samples  at times :

s

p(s) = (N
s ) ps

obs (1 − pobs)(N−s)

{si} {ti}

ℒ ({si} ∣ S(t)) = ∏
i (N

si) psi
obs (ti) (1 − pobs (ti))(N−si)

25

• Binomial Maximum Likelihood fit for each acquired 
waveform 

• Bayesian approach ➝ integrate the joint posterior pdf: 

 

• BAT: software using Markov Chain Monte Carlo 
algorithms to integrate the posterior pdf

p (S(t; ̂θ) ∣ {si}) = ℒ ({si} ∣ S(t; ̂θ)) π( ̂θ)

Example of 
marginalized posterior 



Position reconstruction
1. Take as input the energy extracted with the 

energy fit and its uncertainty  
2. Get the phonon dispersion function from 

G4CMP simulation 
3. Apply position reconstruction algorithm: 

 

Point-like energy deposition on XY

χ2(x, y, Etot) =
N

∑
i=1 ( Sobs

i − Smodel
i (x, y, Etot)

σi )
2

26



Quasiparticle density model
Knowing the superfluid (CP) density   for a given material, it is then possible to model  the normalized 
quasiparticle density  with: 

 

 = recombination constant (expected to be as large as its theoretically motivated value 0.05) 
 = linear loss due to QP trapping 

 = QP generation

nCP
xqp = nqp/nCP

dxqp

dt
= − rx2

qp − s0xqp + g

r
s0

g

27

r′￼ = τssxir/[τssxir + 1]
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Noise and decoherence
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jwi ¼ a j0iþ b j1i ¼ cos
h
2
j0iþ ei/ sin

h
2
j1i: (36)

The Bloch vector is stationary on the Bloch sphere in the “rotating
frame picture.” If state j1i has a higher energy than state j0i (as it gen-
erally does in superconducting qubits), then in a stationary frame, the
Bloch vector would precess around the z-axis at the qubit frequency
ðE1 $ E0Þ=!h. Without loss of generality (and much easier to visualize),
we instead “choose” to view the Bloch sphere in a reference frame
where the x and y-axes also rotate around the z-axis at the qubit fre-
quency. In this “rotating frame,” the Bloch vector appears stationary
as written in Eq. (36). The rotating frame will be described in detail in
Sec. IVD1 in the context of single-qubit gates.

For completeness, we note that the density matrix q ¼ jwihwj
for a pure state jwi is equivalently

q ¼ 1
2
ðI þ~a &~rÞ ¼ 1

2
1þ cos h e$i/ sin h
ei/ sin h 1þ sin h

! "
(37)

¼
cos2

h
2

e$i/ cos
h
2
sin

h
2

ei/ cos
h
2
sin

h
2

sin2
h
2

0

BB@

1

CCA (38)

¼ jaj2 ab'

a'b jbj2

 !

(39)

where I is the identity matrix, and~r ¼ ½rx;ry; rz) is a vector of Pauli
matrices. If the Bloch vector ~a is a unit vector, then q represents a
pure state w and Tr(q2) ¼ 1. More generally, the Bloch sphere can be
used to represent “mixed states,” for which j~aj < 1; in this case, the
Bloch vector terminates at points “inside” the unit sphere, and
0 * Trðq2Þ < 1. To summarize, the surface of the unit sphere repre-
sents pure states, and its interior represents mixed states.6

2. Bloch-Redfield model of decoherence

Within the standard Bloch-Redfield109–111 picture of two-level
system dynamics, noise sources weakly coupled to the qubits have

short correlation times with respect to the system dynamics. In this
case, the relaxation processes are characterized by two rates (see Fig. 4),

longitudinal relaxation rate : C1 +
1
T1
; (40)

transverse relaxation rate : C2 +
1
T2
¼ C1

2
þ Cu; (41)

which contains the pure dephasing rate Cu. We note that the defini-
tion of C2 as a sum of rates presumes that the individual decay func-
tions are exponential, which occurs for Lorentzian noise spectra
(centered at x ¼ 0) such as white noise (short correlation times) with
a high-frequency cutoff.

The impact of noise on the qubit can be visualized on the Bloch
sphere in Fig. 4(a). For an initial state (t¼ 0)

jwi ¼ aj0iþ bj1i; (42)

the Bloch-Redfield density matrix qBR for the qubit is written
112,113

qBR ¼
1þ ðjaj2 $ 1Þe$C1t ab'eidxte$C2t

a'be$idxte$C2t jbj2e$C1t

 !
: (43)

There are a few important distinctions between Eqs. (43) and (39),
which we list here and then describe in more detail in Secs.
III B 2 a–III B 2 c.

• First, we have introduced the “longitudinal decay function”
exp ð$C1tÞ, which accounts for longitudinal relaxation of the qubit.

• Second, we introduced the “transverse decay function” exp ð$C2tÞ,
which accounts for transverse decay of the qubit.

• Third, we have introduced an explicit phase accrual exp ðidxtÞ,
where dx ¼ xq $ xd, which generalizes the Bloch sphere picture to
account for cases where the qubit frequency xq differs from the
rotating-frame frequency xd, as we will see later when discussing
measurements of T2 using Ramsey interferometry,114,115 and in Sec.
IVD 1, in the context of single-qubit gates.

• Fourth, we have constructed the matrix such that for t , ðT1; T2Þ,
the upper-left matrix element will approach a unit value, indicating

FIG. 4. Transverse and longitudinal noise represented on the Bloch sphere. (a) Bloch sphere representation of the quantum state jwi ¼ a j0iþ b j1i. The qubit quantization
axis—the z axis—is “longitudinal” in the qubit frame, corresponding to rz terms in the qubit Hamiltonian. The x-y plane is “transverse” in the qubit frame, corresponding to rx
and ry terms in the qubit Hamiltonian. (b) Longitudinal relaxation results from the energy exchange between the qubit and its environment, due to transverse noise that couples
to the qubit in the x–y plane and drives transitions j0i $ j1i. A qubit in-state j1i emits energy to the environment and relaxes to j0i with a rate C1# (blue arched arrow).
Similarly, a qubit in-state j0i absorbs energy from the environment, exciting it to j1i with a rate C1" (orange arched arrow). In the typical operating regime kBT - !hxq, the
up-rate is suppressed, leading to the overall decay rate C1 . C1#. (c) Pure dephasing in the transverse plane arises from longitudinal noise along the z axis that fluctuates
the qubit frequency. A Bloch vector along the x-axis will diffuse clockwise or counterclockwise around the equator due to the stochastic frequency fluctuations, depolarizing the
azimuthal phase with a rate C/. (d) Transverse relaxation results in a loss of coherence at a rate C2 ¼ C1=2þ C/, due to a combination of energy relaxation and pure
dephasing. Pure dephasing leads to decoherence of the quantum state 1=

ffiffiffi
2
p$ %
ðj0iþ j1iÞ, initially pointed along the x-axis. Additionally, the excited state component of the

superposition state may relax to the ground state, a phase-breaking process that loses the orientation of the vector in the x-y plane.
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jwi ¼ a j0iþ b j1i ¼ cos
h
2
j0iþ ei/ sin

h
2
j1i: (36)

The Bloch vector is stationary on the Bloch sphere in the “rotating
frame picture.” If state j1i has a higher energy than state j0i (as it gen-
erally does in superconducting qubits), then in a stationary frame, the
Bloch vector would precess around the z-axis at the qubit frequency
ðE1 $ E0Þ=!h. Without loss of generality (and much easier to visualize),
we instead “choose” to view the Bloch sphere in a reference frame
where the x and y-axes also rotate around the z-axis at the qubit fre-
quency. In this “rotating frame,” the Bloch vector appears stationary
as written in Eq. (36). The rotating frame will be described in detail in
Sec. IVD1 in the context of single-qubit gates.

For completeness, we note that the density matrix q ¼ jwihwj
for a pure state jwi is equivalently

q ¼ 1
2
ðI þ~a &~rÞ ¼ 1

2
1þ cos h e$i/ sin h
ei/ sin h 1þ sin h

! "
(37)

¼
cos2

h
2

e$i/ cos
h
2
sin

h
2

ei/ cos
h
2
sin

h
2

sin2
h
2

0

BB@

1

CCA (38)

¼ jaj2 ab'

a'b jbj2

 !

(39)

where I is the identity matrix, and~r ¼ ½rx;ry; rz) is a vector of Pauli
matrices. If the Bloch vector ~a is a unit vector, then q represents a
pure state w and Tr(q2) ¼ 1. More generally, the Bloch sphere can be
used to represent “mixed states,” for which j~aj < 1; in this case, the
Bloch vector terminates at points “inside” the unit sphere, and
0 * Trðq2Þ < 1. To summarize, the surface of the unit sphere repre-
sents pure states, and its interior represents mixed states.6

2. Bloch-Redfield model of decoherence

Within the standard Bloch-Redfield109–111 picture of two-level
system dynamics, noise sources weakly coupled to the qubits have

short correlation times with respect to the system dynamics. In this
case, the relaxation processes are characterized by two rates (see Fig. 4),

longitudinal relaxation rate : C1 +
1
T1
; (40)

transverse relaxation rate : C2 +
1
T2
¼ C1

2
þ Cu; (41)

which contains the pure dephasing rate Cu. We note that the defini-
tion of C2 as a sum of rates presumes that the individual decay func-
tions are exponential, which occurs for Lorentzian noise spectra
(centered at x ¼ 0) such as white noise (short correlation times) with
a high-frequency cutoff.

The impact of noise on the qubit can be visualized on the Bloch
sphere in Fig. 4(a). For an initial state (t¼ 0)

jwi ¼ aj0iþ bj1i; (42)

the Bloch-Redfield density matrix qBR for the qubit is written
112,113

qBR ¼
1þ ðjaj2 $ 1Þe$C1t ab'eidxte$C2t

a'be$idxte$C2t jbj2e$C1t

 !
: (43)

There are a few important distinctions between Eqs. (43) and (39),
which we list here and then describe in more detail in Secs.
III B 2 a–III B 2 c.

• First, we have introduced the “longitudinal decay function”
exp ð$C1tÞ, which accounts for longitudinal relaxation of the qubit.

• Second, we introduced the “transverse decay function” exp ð$C2tÞ,
which accounts for transverse decay of the qubit.

• Third, we have introduced an explicit phase accrual exp ðidxtÞ,
where dx ¼ xq $ xd, which generalizes the Bloch sphere picture to
account for cases where the qubit frequency xq differs from the
rotating-frame frequency xd, as we will see later when discussing
measurements of T2 using Ramsey interferometry,114,115 and in Sec.
IVD 1, in the context of single-qubit gates.

• Fourth, we have constructed the matrix such that for t , ðT1; T2Þ,
the upper-left matrix element will approach a unit value, indicating

FIG. 4. Transverse and longitudinal noise represented on the Bloch sphere. (a) Bloch sphere representation of the quantum state jwi ¼ a j0iþ b j1i. The qubit quantization
axis—the z axis—is “longitudinal” in the qubit frame, corresponding to rz terms in the qubit Hamiltonian. The x-y plane is “transverse” in the qubit frame, corresponding to rx
and ry terms in the qubit Hamiltonian. (b) Longitudinal relaxation results from the energy exchange between the qubit and its environment, due to transverse noise that couples
to the qubit in the x–y plane and drives transitions j0i $ j1i. A qubit in-state j1i emits energy to the environment and relaxes to j0i with a rate C1# (blue arched arrow).
Similarly, a qubit in-state j0i absorbs energy from the environment, exciting it to j1i with a rate C1" (orange arched arrow). In the typical operating regime kBT - !hxq, the
up-rate is suppressed, leading to the overall decay rate C1 . C1#. (c) Pure dephasing in the transverse plane arises from longitudinal noise along the z axis that fluctuates
the qubit frequency. A Bloch vector along the x-axis will diffuse clockwise or counterclockwise around the equator due to the stochastic frequency fluctuations, depolarizing the
azimuthal phase with a rate C/. (d) Transverse relaxation results in a loss of coherence at a rate C2 ¼ C1=2þ C/, due to a combination of energy relaxation and pure
dephasing. Pure dephasing leads to decoherence of the quantum state 1=

ffiffiffi
2
p$ %
ðj0iþ j1iÞ, initially pointed along the x-axis. Additionally, the excited state component of the

superposition state may relax to the ground state, a phase-breaking process that loses the orientation of the vector in the x-y plane.
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the Bloch vector on the equator using a Xp=2-pulse. Typically, the car-
rier frequency of this pulse is slightly detuned from the qubit fre-
quency by an amount dx. As a result, the Bloch vector will precess
around the z-axis at a rate dx. This is done for convenience sake, so
that the resulting Ramsey measurement will oscillate, making it eas-
ier to analyze. After precessing for a time s, a second Xp=2-pulse proj-
ects the Bloch vector back on to the z-axis. Repeated measurements
are made to take an ensemble averaged estimate of the qubit polari-
zation, as a function of s. The resulting oscillations in Fig. 5(b) fea-
ture an approximately exponential decay function with time
T!2 ¼ 98ls. The “!” indicates that the Ramsey experiment is sensi-
tive to “inhomogeneous broadening.” That is, it is highly sensitive to
quasistatic, low-frequency fluctuations that are constant within one

experimental trial, but vary from trial to trial, e.g., due to 1/f-type
noise. This sensitivity to quasistatic noise is related to the corre-
sponding N¼ 0 noise filter function shown in Fig. 5(d) being cen-
tered at zero-frequency, as described in more detail in Sec. IIID 2.

The Hahn echo shown in Fig. 5(c) is an experiment that is less
sensitive to quasistatic noise. By placing a Y p pulse at the center of a
Ramsey interferometry experiment, the quasistatic contributions to
dephasing can be “refocused,” leaving an estimate T2E that is less sensi-
tive to inhomogeneous broadening mechanisms. The pulses are gener-
ally chosen to be resonant with the qubit transition for a Hahn echo,
since any frequency detuning would be nominally refocused anyway.
The resulting decay function in Fig. 5(c) is essentially exponential with
time T2E ¼ 120ls.

FIG. 5. Characterizing longitudinal (T1) and transverse (T2) relaxation times of a transmon qubit. (a) Longitudinal relaxation (energy relaxation) measurement. The qubit is pre-
pared in the excited state using an Xp-pulse and measured after a waiting time s. For each value s, this procedure is repeated to obtain an ensemble average of the qubit
polarization: þ 1 corresponding to j0i and –1 corresponding to j1i. The resulting exponential decay function has a characteristic time T1 ¼ 85 ls. (b) Transverse relaxation
(decoherence) measurement via Ramsey interferometry. The qubit is prepared on the equator using an Xp=2-pulse, intentionally detuned from the qubit frequency by dx, caus-
ing the Bloch vector to precess in the rotating frame at a rate dx around the z-axis. After a time s, a second Xp=2 pulse then projects the Bloch vector back on to the z axis,
effectively mapping its former position on the equator to a position on the z axis. The oscillations decay with an approximately (but not exactly) exponential decay function, with
a characteristic time T!2 ¼ 95 ls. (c) Transverse relaxation (decoherence) measurement via a Hahn echo experiment.115 The qubit is prepared and measured in the same
manner as the Ramsey interfometry experiment, except that a single Xp pulse is applied midway through the free-evolution time s. The decay function is approximately expo-
nential, with a characteristic time T2E ¼ 120 ls. The coherence improvement using the Hahn echo over panel (b) indicates that some low-frequency dephasing noise has
been mitigated; however, a small amount remains since T2E has not yet reached the 2T1 limit. (d) Coherence function incorporating T1 loss and Gaussian dephasing compo-
nents of the Ramsey interferometry data in panel (b). The Gaussian-distributed 1/f noise spectrum of magnetic flux noise leads to a decay function exp ð%vNÞ
/ exp ð%t=T1Þ exp ð%t2=T2

u;GÞ in Eq. (45). These two decay functions together match well with the Ramsey data in panel (b).
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Gap engineering 

29

Before
After

Design a potential barrier on the JJ to prevent CP from tunneling

Δ = 180 𝜇eV for Aluminum
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But… not enough
• Gap engineering helps reducing the logical qubit error 

rate, but it is not enough 
• Charge accumulation in the capacitor leads to a 

frequency shift ➝ dephasing error rate increase

30

~1 event per hour 
Unknown origin

Google Quantum AI (2024)

Kurilovich et al - Google (2025)

Possible mitigation strategies: 

• Phonon trapping Copper 
back-metallization 

• Intermediate layers 
between substrate and SC 
film

Before gap 
engineering

https://arxiv.org/abs/2408.13687
https://arxiv.org/pdf/2408.13687
https://arxiv.org/abs/2506.18228
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Superconducting detectors in DM searches

Something we know very well 

➝ Transition Edge Sensors (TES) 

➝ Kinetic Inductance Detectors (KID) 
CP breaking detection

31

Snowmass2021

https://arxiv.org/abs/2203.08297
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Solid state simulations
• G4CMP is a Geant4 library that allows simulating 

phonon dynamic on specific geometries  
Two main processes: 
➝ anharmonic down-conversion,   
➝ isotopic scattering,  

• Several materials now implemented 
• Main uncertainty: 
➝ probability of phonon absorption at the 
interface with superconducting film ( ) and 
copper frames ( )

Γanh = Aν5

Γscatter = Aν4

pa,s
pa,c

32

Example GaAs

Hernandez at al. (2024)

https://arxiv.org/abs/2302.05998
https://arxiv.org/abs/2408.04732
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Number of 
saturated bins

Integral at different time 
intervals after trigger

Baseline = prob. of 
error before trigger

Coordinates of the 
maximum
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Events selection
• Baseline instabilities over time  
➝ typical Two Level Systems (TLS) behavior 

• Quality cuts applied

34

Cut outliers

137Cs run Bkg run
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Average pulse

Saturated events selection ➝ number of saturated bins 

Low energy selection ➝ Baseline RMS
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Recombination constant results
❖ Good agreement among different datasets 
❖ Previous measurements of r in the range  

0.0059—0.125 ns-1 

❖ In line with previous results, we measured a factor 10 
suppression respect to the theoretical expected value   
r = 0.05 ns-1 in aluminum 

❖ The analysis on saturated and low energy pulses shows 
an unexpected dependence of  on the energy 
deposited 

➝ other measurements artificially produced QP via 
phonon injectors or 3D cavities, we used only 
radioactivity!
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Fit test with mock data
• Replicate pulse sequence following measurement 

scheme and QP density model with a set of input 
parameters 

• Bias spotted on energy reconstruction for Edep>500 eV
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