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Readout-Induced Degradation of Transmon Lifetimes:
Interplay of TLSs and Qubit Spectral Reshaping

Ziwen Huang N Jimmy Shih-Chun Hung . Mouktik Raha®,' Ming-Han Chou ! Harry Levine®,

1.2

Alex Retzker ,1’3 Connor T. Hann ,1 David Hover ,1 Fernando G. S. L. Brandéio,l’4
Aashish A. Clerk ,1’5 Arbel Haim,1 and Oskar Painter'*®

'Amazon Center Jor Quantum Computing, Pasadena, California 91106, USA
2Department of Physics, University of California, Berkeley, California 94720, USA
*Racah Institute of Physics, The Hebrew University of Jerusalem, Jerusalem 91904, Givat Ram, Israel

*Institute Sfor Quantum Information and Matter, California Institute of Technology,

Pasadena, California 91125, USA
>Pritzker School of Molecular Engineering, University of Chicago, Chicago, lllinois 60637, USA
Thomas J. Watson, Sr., Laboratory of Applied Physics, California Institute of Technology,

Pasadena, California 91125, USA

® (Received 10 April 2026; accepted 22 July 2026; published 17 September 2026)

Measurement backaction degrades dispersive readout of superconducting qubits even at modest drive
strengths, often via the reduction of qubit lifetimes during readout. In this work, we theoretically and
experimentally study this degradation and show how it can result from the interplay between detuned two-
level systems (TLSs) and a drive-renormalized qubit spectrum. For modest to strong readout, the qubit
emission spectrum becomes non-Lorentzian and depends sensitively on the readout drive frequency (even
when the measurement rate is fixed). We combine the readout-modified qubit emission spectrum with
time-dependent perturbation theory to predict qubit lifetimes in the presence of a TLS bath. Master
equation simulations and experimental measurements on a frequency-tunable transmon confirm these
predictions quantitatively. In particular, we find that driving at the resonator frequency associated with the
qubit ground state yields the narrowest qubit emission spectrum and the least lifetime degradation for a
fixed measurement rate, providing a practical guideline for optimizing readout protocols in future quantum

processors.
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I. INTRODUCTION

Superconducting quantum processors often rely on fast
and reliable measurement, typically done with dispersive
readout [1-3]. Modern implementations routinely achieve
readout times of a few hundred nanoseconds with errors
below 1% [4-10]. Still, a faster and more accurate readout
is indispensable for building resource-efficient error-
corrected quantum computers [11,12]. In the conventional
model of dispersive readout, faster measurement can be
achieved by increasing drive power [1,4], which should
in turn suppress readout error by reducing the time
over which the qubit is susceptible to environmental
decoherence. In practice, however, many studies observe
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either a saturation or a reduction of readout fidelity as drive
power increases.

This conventional model fails because additional error
channels emerge at higher drive strengths. Recent research
has identified two classes of mechanisms responsible for
this degradation. The first, known as measurement-
induced state transitions (MIST) [13—17], is intrinsic to
the transmon-resonator system: the readout drive enables
spurious, unintended transitions to higher transmon states.
The second class involves modes external to the transmon-
resonator system (e.g., two-level systems), where the
readout drive modifies the qubit’s interaction with these
external modes, leading to enhanced qubit relaxation or
sometimes excitation [16,18-20]. The latter can occur at
smaller drive amplitudes and, due to the unpredictable
nature of TLSs, is often more difficult to mitigate.

In this work, we present a focused study of the second
mechanism, specifically on an important interplay that has
been largely overlooked. The prevailing picture for under-
standing this mechanism is that measurement-induced
dephasing broadens the qubit emission spectrum, poten-
tially enabling previously off-resonant TLSs to interact with
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FIG. 1. Qubit linewidth broadening in different qubit-resonator

coupling regimes. (a) A schematic of the system comprising a
superconducting qubit coupled to a readout (RO) resonator, which
is driven by a RO pulse and connected to an environmental bath
containing two-level systems (TLSs). (b) In the weak-pull limit
(ly] < «), the qubit spectrum under readout broadens with a width
proportional to the photon number and the dispersive shift. This
broadening enables interaction with previously detuned TLSs in
the bath (gray shading). (c) For a conventional |y|/x ratio, the
qubit spectrum already deviates from the Lorentzian prediction
(dashed line for the Lorentzian prediction for center readout
frequency). Different colors correspond to three choices of readout
frequencies. (d) For a large |y|/x ratio, the qubit spectrum exhibits
distinctly different lineshapes for each readout frequency choice.
For all cases in (c) and (d), the measurement rate is kept constant
across the three frequency choices. The inset in (d) depicts the
four-wave mixing process associated with the peak marked by the
black arrow (see Sec. Il A for a detailed explanation).

the qubit and suppress its lifetime [ 18—20]. The broadening
is generally assumed to be determined by the measurement
rate, the rate at which the two qubit states are resolved in the
output signal. Examining this picture more carefully, we
show that the drive-induced spectral broadening and qubit-
TLS interaction depend critically on the choice of readout
drive frequency for a fixed measurement rate: choosing
certain optimal drive frequencies yields significantly less T';
degradation than others.

In the weak-pull limit, where the dispersive shift y is
much smaller than the resonator loss rate x, this spectral
renormalization reduces to a simple ac Stark shift and

Lorentzian broadening of the qubit linewidth, as shown in
Ref. [18] [see illustration by the dashed line in Fig. 1(b)]. In
this limit, knowledge of measurement rate and resonator
average photon number is sufficient for determining the
readout-modified qubit spectrum. However, many modern
superconducting qubit architectures operate at larger |y|/x
ratios [9,10,21-23], where the simple Lorentzian broad-
ening model is insufficient and a more general theory of the
qubit’s spectral renormalization under readout is needed. To
treat this more general case, we used the theory developed in
Refs. [24,25], commonly referred to as number-splitting
theory (a name that highlights the most extreme scenario,
where the qubit spectrum splits into discrete peaks [see the
red curve in Fig. 1(d)]). Two important features of the
general qubit spectrum are absent from the Lorentzian
model: the spectral shape is non-Lorentzian even for modest
ly|/x ratios [see comparison in Fig. 1(c)], and it depends
sensitively on the readout drive frequency w,; with the
measurement rate held fixed [see for example Fig. 1(d)].
Since the qubit decay rate depends on the overlap between
the qubit emission spectrum and the TLS noise spectrum,
different choices of w, lead to different magnitudes of 7',
degradation. This dependence on readout drive frequency
has not been previously explored or experimentally tested,
yet it is critical for devices operating beyond the weak-
pull limit.

By incorporating these features, we develop a general-
ized model for readout-induced 7, degradation. We
analytically derive the qubit decay rate from the general-
ized qubit spectrum under readout, including the effects
of qubit-state-dependent resonator loss rates due to the
presence of a Purcell filter. In particular, we show that the
qubit 7’| can have a strong dependence on the readout drive
frequency w,; even when the measurement rate is held
fixed. We find that driving at w; = w,(g) (the resonator
frequency when the qubit is in the ground state) yields the
narrowest spectral linewidth [see Fig. 1(d)] and conse-
quently the least 7, degradation in the presence of a
detuned TLS. We validate our theory and this prediction
through both numerical simulations and experimental
measurements on a superconducting transmon qubit,
finding excellent agreement. Notably, these results cannot
be explained by the simple Lorentzian broadening model.

Our paper is structured as follows. In Sec. II, we derive a
rate equation for predicting readout-induced qubit T
suppression and present numerical simulations confirming
its validity. In Sec. III, we further validate our theory by
comparing measured qubit decay rates against the theo-
retical predictions. Finally, Sec. IV summarizes our find-
ings and discusses their implications and outlook.

II. THEORY FOR LIFETIME DEGRADATION

A. Deriving T; with renormalized qubit spectrum

For the T, degradation mechanism we seek to model
here, it is sufficient to work with a purely dispersive
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interaction between the qubit and resonator and neglect
higher transmon levels. In a frame rotating at the drive
frequency, the Hamiltonian for the coupled qubit and
resonator is [3,26]

H,=w6.6_—Na'a+y6.6 a"a
5
+ d,<1 +?paz> (@ +a). (1)

Here, 6_ (6., ) denotes the lowering (raising) operator of
the qubit, 6, = [6,,6_] is the Pauli-z operator, and a (a D)
denotes the annihilation (creation) operator of the reso-
nator. The frequencies to excite the qubit and resonator
when the hybrid system is in its ground state are @, and
,(g) = w,, respectively. The drive detuning is given by
A, = w,; — w,(g), where , is the lab-frame readout drive
frequency. Note that we define the drive detuning with
respect to the cavity frequency associated with the qubit
ground state; with this convention, the choice A; = 0 will
play a special role for the problem studied in this work
(readout-enhanced qubit decay). The coefficient y denotes
the full dispersive shift, so the readout resonator frequency
with the qubit in the excited state is w,(e) = @, + y. The
drive amplitude is denoted by d,, and the coefficient 5,
captures the qubit-state-dependent drive amplitude arising
from the Purcell filter through which the readout drive is
routed [27,28]. In the following, we use the shorthand
notation d,, = (1+6,/2)d, and d, , = (1 —6,/2)d,

In addition, both the resonator and qubit are coupled to
independent dissipative environments. The resonator is
assumed to be much lossier than the qubit. Such dis-
sipation is generally assumed Markovian for supercon-
ducting LC oscillators, with the loss rates denoted by «.
When the Purcell filter plays a non-negligible role, one
should further account for qubit-state-dependent resonator
loss rates. Specifically, the damping operator in the
resonator dissipator k [D[fz] should take on a more general
form h = (1+46,6,/2)a, which implies that the state-
dependent loss rates are k, = k(1 45,/ 2)? for the qubit
excited state and k, = k(1 —§,/2)* for the ground state
[28]. In the rotating frame introduced above, the steady-
state resonator displacement is a, = d, ,/(A, + ix,/2)
if the qubit is maintained in the ground state and a, =
d,./(Ag—y + ix,/2) for the excited state. Their separa-
tion is denoted by da = a, — a,.

The qubit bath is however considered non-Markovian—
instead of being uniformly coupled to an ensemble of
environmental modes, the transmon qubits are generally
affected predominantly by a few discrete degrees of
freedom, usually considered TLSs. We assume that the
qubit-bath interaction takes the form H; = &, X, where &,
is the qubit Pauli-x operator and X is a bath operator that
couples the TLSs to the qubit. We can formally write down

the TLS spectrum as Sg(w f°° dt(Xg(1)X5(0))e', as
illustrated by the gray shapes in Figs. 1(b)-1(d). Here
Xy(t) = eifls' X ye~ifst i the bath operator in the inter-
action picture and Hy is the bare bath Hamiltonian.

We assume that the qubit-bath coupling is sufficiently
weak and the qubit decay timescale is much longer than the
correlation time of the resonator and qubit bath. In this
way, the qubit decay rate can be calculated via time-
dependent perturbation theory, resulting in an expression
that is a generalized form of Fermi’s golden rule (FGR)
[18,29]. From this we derive the qubit decay rate (see
Appendices A and B)

FGR limi dw
Fo, [0S, @)Sulo), @)

where the qubit emission spectrum S (@) =
J=, dt e Ci (1) is the Fourier transform of the two-point

correlation function
Cy(1) = (64(1)6-(0)), 4, 3)

The above expectation is evaluated for the initial state
le,a,) of the qubit-resonator system. This choice tacitly
assumes that the qubit energy decay timescale is much
longer than 1/k, so that the resonator reaches its steady
state well before a qubit-state transition occurs. In deriving
the rate, we assume that the stationary condition is satisfied
for both the bath and qubit correlation functions on the
basis that both the bath relaxation and resonator decay
times are much shorter than the 7’| timescale of interest.

The correlation function [Eq. (3)] can be analytically
derived using the quantum regression theorem, as in
Refs. [24,25]. Here we generalized the results there to
include state-dependent drive amplitudes and decay rates.
The evolution of the qubit operator in C,(t) is governed
by the propagator ¢!, where the Lindbladian is given by
L=—ilf,.]+« ID[h]. The resulting correlation function
for the emission spectrum is given by

C,(t) = expli(w, + B)t —T',,1]
x exp{A[l —exp[(idg —x,/2)1]]}. (4

which further leads to the qubit spectrum

S, (0) = Z%Re[r

JENY®

(~ayie!
w Ky /2—i(0—w;)]|

&)

Above, B is the drive-induced overall frequency shift,

and I',, is the measurement-induced dephasing rate given
by I, = |/Kea, — v/K,a,|*/2, which reduces to |sal*/2

for symmetrical loss rates. The spectrum [Eq. (5)] is a
weighted infinite sum of poles, with the weights decaying
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exponentially with j as ~(—A)/ where A is a complex
number which in most cases has the magnitude |5a|?. The
expressions for A and B can be found in Appendix B. The
center frequencies for these poles are w; = o, + jA; + B,
whose separation is determined by the drive detuning A.
Note that the above expressions assume a zero-temperature
cavity bath and should be modified for finite temper-
ature [25].

Several features of the qubit emission spectrum S, (@)
can be understood directly from the analytical expressions.
When |A| < 1, or equivalently |[sa|> <1, the second
exponential in Eq. (4) contributes negligibly and S,(w)
reduces to a single Lorentzian centered at w, + B with
width I',,. This is the regime in which the conventional
Lorentzian broadening model applies. For larger |sa|?,
however, higher-order terms in the sum become signifi-
cant, and the spectral shape is governed by the pole
structure of Eq. (5). The center frequencies of these poles
are w; = w, + jA; + B, whose separation is determined
by the drive detuning A, [defined with respect to w,(g)].
This immediately suggests that the choice of readout drive
frequency shapes the width of the qubit emission spectrum.
In particular, driving at @, = @,(g) (A; = 0) causes all
poles to coincide, minimizing the overall spectral width.

Conversely, when A is non-zero—for example, A; = ¥
corresponding to driving at @, = ®,(e)—the poles are
separated and become resolved for k, < |A,|, as shown by
the red curve in Fig. 1(d). In this way, the spectrum
exhibits discrete peaks, a hallmark of the number-splitting
regime.

The origin of these discrete peaks can be understood as a
multi-wave mixing process, which becomes apparent after
performing a polaron transformation [30] (see Appendix C
for details). The key insight is that the qubit lowering
operator transforms as 6_ — 6_exp(daa ™ — da*a). As a
result, a qubit decay event, i.e., the conversion of a qubit
excitation to a bath excitation, can be accompanied by the
creation of photons in the resonator. Such creation nec-
essarily involves the absorption of a drive photon-drive
photons are converted to cavity photons during the qubit
relaxation event. Energy conservation then requires

wp = Cbq + n[a)d - wr(g)]’ (6)

where g is the bath photon frequency, @, = w, + B is the
drive-shifted qubit frequency, and » is the net number of
photons added to the resonator. Each value of n corre-
sponds to a distinct peak in the qubit emission spectrum,
with their separation determined by the drive detuning
A, = w,; — w,(g). Note crucially that the energy conser-
vation condition involves w,(g), the cavity frequency
associated with the qubit ground state. This reflects the
simple fact that the final state of these relaxation processes
has the qubit in its ground state; hence any photons

produced have an energy w,(g). We immediately see that
the choice A; = 0 is special: in this case, conversion of
drive photons to cavity photons costs no energy, and all
of the above multi-photon processes coincide, i.e. wp
becomes independent of .

The lowest-order non-trivial process is illustrated as a
four-wave mixing diagram in Fig. 1(d) inset. This photon
creation mechanism implies that a qubit energy decay
event during measurement may cause the resonator field to
deviate from a coherent state, potentially introducing an
additional source of readout error that merits further study.
We note that although Eq. (5) has a discrete-peak structure
for w; = w,(e) and x, < y, in the large-|A| limit the
Poisson weighting (—A)/e”/j! can mimic a broad, smooth
envelope. Specifically, since |A|~ 7i,, the weights are
concentrated around j = i1, with width ~+/n,, where 7,
is the mean photon number when the qubit is in |e). The
resulting spectrum thus approximates a Poisson envelope
centered at w, + y7,.

Finally, we comment on the apparent asymmetry
between w,; = w,(g) and w; = w,(e) in linewidth broad-
ening. This asymmetry arises because S,(w) describes a
qubit emission process. For the qubit absorption spectrum
as focused on in Ref. [24], the roles of w,(g) and w,(e)
would be reversed. A more detailed physical discussion is
provided in Appendix C.

B. Numerical simulation

The expression in Eq. (2) is compact and physically
transparent, but the validity of Fermi’s golden rule treat-
ment relies on the separation of timescales between
resonator relaxation and bath relaxation versus qubit
decay. To verify that this approximation remains valid
across the parameter regimes of interest, we perform
master equation simulations of the full model described
in the previous subsection [31], with TLSs included as
explicit quantum modes.

The resonator-qubit system Hamiltonian is given in
Eq. (1). The TLS configurations are illustrated in Figs. 2(a)
and 2(b), where the gray shading indicates the TLS noise
spectrum with detunings visible relative to the qubit
frequency w,. Their parameters are given in the figure
caption. We consider two representative |y|/x regimes: a
conventional choice with y/2z = —5 MHz and /27 =
5 MHz [Figs. 2(a) and 2(c)] and a more radical configu-
ration with y/2z =—10 MHz and «/27z =2.5 MHz
[Figs. 2(b) and 2(d)], corresponding to |y|/x =1 and
l¥|/x = 4. In these simulations, we neglect the Purcell-
filter-induced dependence of drive strengths and decay
rates on qubit states (i.e., we set 5, = 0) to focus on the
most fundamental effects of the qubit spectral reshaping.
The master equation results are further compared to
predictions from Eq. (2), where the bath spectrum
Sg(w) is derived using the standard TLS theory [32,33].
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FIG. 2. Numerical verification of the analytical model. We consider a transmon qubit coupled to two TLSs and dispersively coupled
to a driven, lossy resonator. (a) and (b) Qubit emission spectra S, (@) under readout drive for (a) y = x and (b) y = 4«. Different colors
correspond to different readout frequencies: wy; = w,(g) (blue), w; = w,(e) (red), and wy = [w,(g) + w,(e)]/2 (orange). Gray
shading indicates the TLS noise spectrum, with TLS-transmon coupling strengths set as g,,/27 = 0.5 MHz (left) and 0.4 MHz (right)
and loss rates y,gs/27 = 0.5 MHz. (c) and (d) Qubit decay rate I',_,, as a function of pointer-state separation |Sa|. Solid lines:
Predictions from Eqs. (2) and (5); open circles: Master equation simulation results. Dashed lines: Predictions using the simple
Lorentzian broadening model for (¢) w; = @,(g) and (d) @; = w,(e), which deviate significantly from simulations. The excellent
agreement between solid lines and markers validates our analytical model across both coupling regimes.

To ensure a fair comparison with our analytical predic-
tions, the numerical simulations are performed with the
system initialized in the steady state |e, a, ). We examine in
particular the 7'y degradation as a function of readout drive
frequency at fixed I',,, which is also the ideal steady-state
measurement rate.

Even in the conventional regime |y|/x = 1, the qubit
spectrum already exhibits non-trivial features. Figure 2(a)
shows the qubit emission spectra in this regime for a fixed
pointer-state separation || = 1 and three different readout
drive frequencies: w; = ,(g) (blue), v, = w,(e) (red), and
0y = [w,(g) + w,(e)]/2 (orange). Despite identical T",,,, the
spectral shapes differ substantially depending on the choice
of w,. As we stated in the last subsection, this difference
originates from the role of drive detuning A ; in determining
the peak separation in Eq. (2). Consequently, the three
spectra overlap differently with the TLS bath spectrum (gray
shading), yielding distinct decay rate predictions according
to Eq. (2): driving at @,.(¢g) results in the least 7', degradation,
while driving at @, (e) leads to the most significant lifetime
reduction. As shown in Fig. 2(c), the master equation
simulation results (markers) agree excellently with our
number-splitting predictions (solid lines).

A particularly striking example for comparing the num-
ber-splitting and Lorentzian prediction is w; = w,(g). As

shown in Fig. 2(a), the former (solid blue) is significantly
narrower than the latter (dashed)—and master equation
simulations confirm that the number-splitting result is the
accurate one. Consequently, the Lorentzian model substan-
tially overestimates the qubit decay rate [Fig. 2(c)]. This
narrowing can be understood physically from the correla-
tion function [Eq. (4)]. At short times, the qubit dephasing
due to photon-number fluctuation must grow quadratically
in ¢, since the resonator has a finite correlation time ~1/x.
This quadratic onset, in contrast to the linear-in-f dephasing
that produces a Lorentzian, leads to a spectrum that decays
like a Gaussian at large frequencies—much faster than a
Lorentzian tail.

For the larger |y|/x =4 ratio, the deviation from the
Lorentzian model becomes even more pronounced. As
shown in Fig. 2(b), the qubit spectrum exhibits qualitatively
different behavior depending on the choice of w,. For
w; = w,(g) (blue), the spectrum remains a single peak;
for w; = w,(e) (red) and the center frequency (orange), the
spectrum exhibits multiple resolved peaks—a signature of
number splitting. Taking w,; = w,(e) as an example, the
emergence of these discrete peaks leads to a qubit decay rate
that differs substantially from what one would predict by
assuming a simple Lorentzian-broadened, ac Stark-shifted
spectrum [dashed line in Fig. 2(d)]. Figure 2(b) also shows
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another surprising feature: for the standard choice of
drive detuning o, = [@,(¢) + w,(g)]/2 (orange curve),
the dominant rightmost peak in the qubit spectrum has a
positive shift with respect to the bare qubit frequency.
This corresponds to the non-trivial behavior of the qubit
ac Stark shift at large y, as given by the constant B: for
this detuning B changes sign when y is increased past
k/2. We provide more details on this phenomenon in
Appendix C via the polaron-frame description of the
dynamics [30]. The excellent agreement between our
analytical prediction and the master equation results
(markers) across both regimes validates the necessity
of incorporating number-splitting physics when modeling
readout-induced 7'; degradation.

III. EXPERIMENTAL VERIFICATION

The model for readout-induced interaction with the TLS
bath is tested experimentally using a frequency-tunable
transmon qubit coupled strongly to a Purcell-filtered
readout resonator. The device has y/2z = —8.8 MHz,
with qubit-state-dependent resonator loss rates k,/27x =
9.0 MHz and «, /27 = 6.6 MHz. This considerable differ-
ence between k, and k, arises from the large dispersive
shift, which modifies the detuning between the readout
resonator and the Purcell filter depending on the qubit state
[28]. Our device thus provides a concrete example where
the qubit-state-dependent loss rates are non-negligible,
making the generalized model in Eq. (1) necessary for an
accurate description of the readout-induced dynamics.

We leverage the flux tunability of the transmon to
perform two sets of experiments: with the readout drive
off, we sweep the qubit frequency across the TLS bath to
characterize frequency-dependent qubit decay rates and
the coupling strengths of individual strongly coupled TLSs
[34]; with the qubit frequency fixed and detuned from the
TLS, we apply a continuous-wave readout drive and
measure the qubit decay rate, probing the readout-induced
interaction with the TLS as predicted by our theory. In both
cases, we obtain qubit decay traces from inversion recov-
ery experiments, in which the qubit is prepared in the
excited state, and its population is monitored as a function
of delay time. The experiments with and without readout
drives are interleaved tightly such that temporal reconfi-
gurations of the TLS bath can be better resolved. These
fluctuations, which can occur on the scale of minutes, are
captured by analyzing continuous shots of the experiment
where each shot consisting of the sweep over all param-
eters takes ~2 s.

To explore the drive frequency dependence of the
qubit’s interaction with the bath, we measure the qubit
decay rates under readout over a sweep of readout
frequencies while holding constant experimental measure-
ment rates %SNR = 4yl",, where 7 is the quantum effi-
ciency and I, is the readout-induced dephasing rate. The

readout drive strength at the device is also calibrated for
theoretical modeling of the experiment by characterizing
the ac Stark shift of the qubit frequency when subjected
to the readout drive given the measured y [23]. See
Appendix D for details of calibrations and experimental
parameters. We estimate that at most 77 & 3 photons reside
in the resonator across all readout settings used here, while
semiclassical Floquet simulations of the critical photon
number indicate no significant MIST channels below this
level [15]. Consistently, the single-shot readout signals
show no significant leakage state distributions, and we
bound the leakage population out of the {|g), |e) } manifold
to below 1%, ruling out MIST as a likely cause of the
observed T reduction.

To test our model for 7'y degradation experimentally, we
require knowledge of the bath noise spectral density
Sg(w). For most qubit frequencies, we can fit the measured
decay trace using a single exponential to extract the decay
rate, which according to Fermi’s golden rule is equivalent
to Sg(w). While such extraction is straightforward, the
fitted decay rates fluctuate considerably over timescales of
minutes, making direct use of the resulting Sz(w) less
reliable. Near resonance with a strongly and coherently
coupled TLS, the qubit decay trace deviates from a single
exponential. The coherent qubit-TLS swap dynamics
imprint a characteristic double-exponential envelope on
the decay trace, from which the coupling strength g, and its
dephasing rate y, 4, can be extracted [35] (see Appendix E
for the full functional form). With these two parameters
carefully calibrated, one can calculate the defect’s contri-
bution to Sg(w) from standard TLS theory [32,33].

Motivated by these considerations, we focus our experi-
ment-theory comparison on a single, stable, strongly
coupled TLS, which simplifies the comparison: its con-
tribution to Sz(w) can be accurately characterized and
overwhelms the unstable but weak qubit decay back-
ground. We note, however, that the theoretical model
readily extends to complex bath spectra representing many
more degrees of freedom. In our measurement, we identify a
frequency band containing a single prominently coupled
TLS rather than a region with many. During the experiment,
this specific TLS switches infrequently—on the timescale
of tens of minutes—between two distinct frequency con-
figurations (see Appendix E). We accordingly segment the
interleaved idle-7'; and T-under-readout data into two
cases exhibiting distinct readout-induced relaxation behav-
iors: one in which the TLS is far-detuned from the qubit
frequency with Ay/27 ~ —16 MHz [Figs. 3(a)-3(c)] and
another in which it is closer to resonance with A,/27 ~
—6 MHz [Figs. 3(d)-3(f)]. Here, Ay denotes the detuning
between the TLS and the qubit idle frequencies.

Figure 3 presents experimental data taken across a range
of readout drive frequencies and measurement rates along-
side the corresponding predictions of our theoretical
framework. We first examine the far-detuned TLS case
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FIG. 3. Quantitative comparison between experimental data and theoretical calculation. (a—c) Data for a TLS far-detuned from the
qubit frequency (A = 0.2y). (d—f) Data for a TLS near-resonant with the qubit frequency (Ay, < x). (a) and (d) Experimental qubit
relaxation time 7' (colorscale, in ps) as a function of readout drive frequency (horizontal axis) and signal-to-noise ratio (SNR) rate
(vertical axis, in MHz). The standard errors of the extracted 7, values are small across all datasets (median 3%). The TLS has
gus/ 27 ~ 0.2 MHz and gy/y2.4s = 1.4(0.9) for the top (bottom) TLS configuration (see details in Appendix E). Above, we denote the
coupling strength gy, detuning Ay, = wy, — @, and TLS dephasing rate y, 4. The drive frequency is swept across the g state resonant
frequency w,(g) and e state frequency w,(g) + y, where ,(g) is the bare resonator frequency and y is the dispersive shift. (b) and
(e) Corresponding theoretical calculations using the emission-spectrum formalism, reproducing the key features observed in the
experimental data, including the 7' suppression near specific readout drive frequencies. (c¢) and (f) Horizontal linecuts comparing
experimental data (open circles) and theoretical predictions (solid lines) at SNR rates indicated by the colored arrows in (b) and (e),
demonstrating quantitative agreement across the full frequency range. Insets in (c) and (f) display the TLS spectral density Sz(w) (gray)
and emission spectra S q(w) (other coloring) for representative operating points labeled by the same markers in (a), (d), (c) and (f). The
degree of spectral overlap between the qubit emission spectra and the TLS spectrum directly determines the qubit relaxation rate: larger
overlap leads to enhanced 7| degradation.

shown in Figs. 3(a)-3(c). The experimental data in
Fig. 3(a) display the measured qubit relaxation time T
as a function of readout drive frequency (horizontal axis)
and % SNR (vertical axis), with the drive frequency swept
across the range from the ground-state resonator frequency
w,(g) to the excited-state frequency w,(g) + y. The cor-
responding theoretical calculation, shown in Fig. 3(b),
exhibits excellent agreement with the experimental data—
not only do the overall features match, but the horizontal
linecuts in Fig. 3(c) demonstrate quantitative agreement
across the full frequency range at multiple SNR rates.

We emphasize that this agreement is achieved using the
generalized model with 6, # 0, which properly captures
the qubit-state-dependent drive amplitudes and loss rates
inherited from the Purcell-filter coupling.

A central observation from this dataset is that, even at
fixed %SNR, the measured 7'; varies significantly with
the choice of readout frequency. This behavior directly
reflects the frequency-dependent spectral broadening dis-
cussed in Sec. II: different choices of w, yield qubit
emission spectra with distinct shapes and widths, leading
to different degrees of overlap with the TLS bath spectrum.
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To illustrate this point, the inset of Fig. 3(c) displays the
qubit emission spectrum S, (@) for three representative
readout frequencies at the maximum SNR rate, alongside
the TLS spectral density Sg(w) (gray shading). Despite
identical measurement rates, the three qubit emission
spectra differ markedly in their spectral extent and,
consequently, in their overlap with the TLS spectrum.
Driving at ®,(g) produces the narrowest spectrum with
minimal TLS overlap, while driving at w,(e) yields a
broader spectrum that extends further toward the TLS
resonance. The difference in the overlap directly accounts
for the observed variation in 7’| across readout frequencies.

The near-resonant TLS case, shown in Figs. 3(d)-3(f)
with Ay, &% —6 MHz, offers richer physics due to the
proximity between the TLS and the qubit frequency.
As before, the theoretical predictions in Fig. 3(e) show
excellent agreement with the experimental data in
Fig. 3(d), and the linecuts in Fig. 3(f) confirm this
agreement quantitatively, which further validates our
generalized number-splitting framework as a robust and
predictive tool. Crucially, because the TLS now lies within
the spectral range accessible to the broadened qubit
emission spectrum, increasing the readout drive extends
rather than shortens 7';. This is a hallmark of the quantum
Zeno effect [18], in which stronger measurement sup-
presses decay.

The highlighted markers in Figs. 3(d)-3(f) illustrate this
effect: these points correspond to measurements taken at a
fixed readout frequency but varying drive amplitudes.
Counterintuitively, 7' increases at stronger drive powers
despite the nominally more invasive measurement. This
revival can be understood through the spectral overlap
picture: as the drive amplitude increases, the qubit emis-
sion spectrum becomes increasingly diluted across multi-
ple number-split peaks, reducing the spectral weight at any
single frequency. For a near-resonant TLS, this dilution
decreases the overlap between S, (@) and S (), leading to
a suppressed decay rate according to Eq. (3). The inset of
Fig. 3(f) illustrates this mechanism, showing how the qubit
emission spectrum evolves from a concentrated single
peak at low drive power to a broader, multi-peaked
structure at high drive power with progressively less
overlap with the TLS resonance.

IV. CONCLUSION AND OUTLOOK

In this work, we established a theoretical framework
for predicting readout-induced 7', degradation that fully
incorporates number-splitting physics, moving beyond the
conventional Lorentzian broadening model. We demon-
strated that for modest to strong |y|/x ratios, the qubit
emission spectrum exhibits clearly non-Lorentzian broad-
ening, fundamentally altering the qubit’s interaction with
environmental TLSs. Both master equation simulations
and experimental measurements show excellent agreement

with our analytical predictions, validating the framework
across a range of drive conditions.

A central finding of this work is that the readout drive
frequency w, provides a previously unrecognized degree
of freedom for controlling TLS-induced lifetime degrada-
tion. We show rigorously, through both theory and experi-
ment, that for the same measurement rate, driving at w,.(g)
yields a substantially narrower qubit emission spectrum
than driving at w,(e), significantly reducing the qubit’s
sensitivity to background TLSs. This result has direct
implications for superconducting quantum processors
operating in the strong dispersive regime, where careful
selection of readout frequency can mitigate TLS-mediated
relaxation during measurement without sacrificing readout
performance. The underlying mechanism, namely that
readout-induced spectral broadening driving unwanted
transitions, extends beyond TLS defects. Recent work
has shown that readout photons can similarly drive cross-
talk with spectator qubits [36]. Our findings suggest that
readout frequency optimization may serve as a comple-
mentary mitigation strategy for these correlated errors in
multi-qubit processors.

Our framework also opens new directions for future
research. The frequency-resolved and width-tunable nature
of the readout-induced emission spectrum offers a novel
method for characterizing the background TLS bath,
potentially circumventing the frequency resolution limi-
tations inherent in conventional T spectroscopy.
Furthermore, our analysis reveals the possibility of opti-
mizing readout pulse shapes and protocols to further
reduce qubit sensitivity to environmental defects. These
results provide a foundation for predicting and minimizing
readout-related errors in next-generation quantum error
correction architectures, where fast, high-fidelity readout
must be balanced against environmental decoherence
mechanisms.
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APPENDIX A: QUBIT CORRELATION
FUNCTIONS UNDER READOUT CONSIDERING
g, e ASYMMETRY

For self-containment, here we show the derivation of
the correlation function C, () = (6.,(t)6_(0)),, using
the quantum regression theorem, which is
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Cy(t) = Tr{8,e|g.a,)(e. a.|}. (A1)

Above, the Lindbladian governing the qubit-resonator
state evolution is £ = —i[H,,."] + « D[R], where we con-
sider a more general damping operator h = (x|e)(e| +
ylg){g)a and a drive H,(t) = d(a’ + a)(ule)(e| +
v|g){(g|). The damping and drive operators reduce the
standard forms by setting x =y =1and u = v = 1.

In this and many other experimental settings, the readout
resonator is coupled to the drive line through a Purcell filter
[27,28]. As a result, both the readout drive strength and the
loss rate depend on the hybridization between the readout
resonator and the Purcell filter, which in turn depends on
the qubit state, primarily through the dispersive shift. This
dependence breaks the equalities x =y and u = v [28].
More specifically, the annihilation operator of the bare
Purcell-filter mode, denoted by p, transforms into p —
pcost, +asind;, after the hybridization, where the
hybridization angle @7, depends on the qubit state
v = g, e. Within this model, the four dimensionless factors
x,y,uand v canberelated by x/y = u/v = sin 6%,/ sin 67,,.
Using the same notation, we can also properly define
the asymmetry coefficient 5, in Eq. (1) as 6, =
2(sin @, —sin6,)/(sin ¢, +sin67,). In our following
treatment, we keep all four factors x, y, # and v to maintain
a general expression.

For convenience, we define p,, (1) = e“|g, a,)(e. a,|.
The derivation of C,(t) is simplified by adopting the
following ansatz:

Cy(1)
Pge(t) = === |9, @y (1)) (e @ (1)) (A2)
! (@ (n)lay (1)) =
The denominator on the right-hand side ensures con-
sistency with the definition of C, (7). Specifically, since

g-ay(1)){e, a.(1)|} = (@ (1)]a, (1))

115 1215 12955
— (e a,|"—2asa
=e 2("()‘ +| y| (e(g)’

Tr{6

(A3)

taking the trace Tr{6_p,,(¢)} with the ansatz yields C,(t)
directly, confirming its validity.

To arrive at an equation of motion, we take time
derivatives of both sides of Eq. (A2). The derivative of
the left-hand side is governed by the Lindbladian, i.e.,

d . A AEA A E A i
Epge = l[AdaTavpge} - l[Hd’pge] + lpge()(aTa + a)q)

AP B B
+ thgehT — EKh Thpge — Ekpgeh h

1
= [iAa,a" — ivd(a,+ a") — EyzkégaT]f)ge
+ Pge [i(){ —Ayaia+iud(al + a)
1 2. .= %A . ~ =~ %
—Ex KO d| + 10yPge + XY KOO .
(A4)

The derivative of the right-hand side is evaluated by the
Leibniz rule. We first calculate

d = |5 — = — 1 = %= = =% = % = % = k) 5
E [<ae| q>] b= [<ae|aq>} ! X 5 [aeae + aqaq + (ae - 2“,9)“6 + (aq - zae)ay]
d, _ _ AU 1.,_ _ _ _ S 1. _,
E|g’ g><evae| = &4 @ _Eag _Eagag |g7ag><e’ae|+|g7ag><e’ae| e a_iae _Eaeae (AS)
Using these expressions, we get
i e, L o C,(1) = [xyK&?&Z—I—id(u&z—v&g)—i—&g&’g
2P = 0) Pge = (@@ & + @ 20g)Pge + Aol Py +aja,|C,(1)
A e 1 N
Tt Pge c0. (A6) =1=3 (x —y)* + iy |a,a;C,(1)
Comparing Egs. (A4) and (A6), we identify the follow- e -
ing equations: +id(u —v)(a; + a,)C,(1) + iw,C,(1). (A9)

2
&, = —iud — i(y — A,)a, — X—ZK

2
a, = —ivd + iAa, — y—;a

a,, (A7)

(A8)

qg°

In the last line of Eq. (A9), we used the two equations of
motion [Egs. (A7) and (AS8)]. Finally, we arrive at the
analytical expression of
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t
C,(1)= exp{iwqt+ i;?A d'a,(t)a (')

+id(u— ) A “araz(n) + a,(1)] }cq (0),
(A10)

where we use the shorthand notation 7 = [i(x—y)%x/2+x].

APPENDIX B: EMISSION SPECTRUM
AND DECAY RATE

For the qubit-resonator system prepared in state |e, @, ),
the initial condition is set as a,(0) = &,(0) = a,, and
therefore C,(0) = 1. The evolution of &,(¢) and &,(¢) are
then derived using Egs. (A8) and (A7) as

a,(t) =a,, @,(t) =saelt /2t 4 o (B1)
where the steady-state solutions are
d d,
a e g (B2)

T Ay ticg2 T A Tik)2

Above, we denote the differential resonator decay rates
by k, = x’k and k, = y*k and drive amplitudes d,, = ud
and d, ;, = vd. The separation between the two displace-
ments is denoted by da = a, — a,. With the above results,
we can separate the total correlation function into the
steady-state and transient parts as C,, (1) = C(t) - Cg™(¢).
The steady-state part is

C2(1) = exp[-T,t + i(w, + B)1]. (B3)

Above, the measurement rate is generalized as I',, =
|\/Keax, — \/Ryat,|*/2 for qubit-state-dependent resonator
decay rates, while the quantity

B = Im{,/k k,a;a, +i(d, a; —d, a,)} (B4)

is the overall frequency shift. The transient part is given by

Cy™(1) = exp{A*[l —exp[(iA, — k,/2)1]]}

. (—A*) .
= eA Z i exp [(iA, —x,/2)1], (B5)
JjeN
where the coefficient A* is defined as
ooy + i(d,, —d, )5
PV aj(.—ﬁ—l( : ) a (B6)
lAd — K'g/z
For x = u and y = v, one can find |A| = |5a|?. Finally,

by Fourier transforming C,(¢), we arrive at the emission
spectrum [Eq. (5)].

Having obtained the qubit emission spectrum S, (), we
next show the derivation of the qubit decay rate due to
coupling to the TLS bath [29]. The qubit-bath coupling is
assumed to be much weaker than all other energy scales
in the problem, so that the interaction H = e&xff p can be
treated perturbatively in the spirit of Fermi’s golden rule.
The dimensionless parameter € is introduced to track
perturbative order and is set to unity at the end of the
calculation.

The qubit-resonator system is prepared in the steady
state p, = |e,a,){e,a,|. In the interaction picture, the
density matrix for the system and bath p(z) evolution
can be calculated via a Dyson series expansion. The
zeroth-order solution is simply p ) () = p; ® pp ., Where
Pp.n 1s the bath density operator in thermal equilibrium. To
evaluate the qubit decay rate, we calculate the leading-
order correction to the |e) state population:

t 4
<e|TrB,,{;3<2>(z)}|e>:Re{_ze2 / dr' / i’ C (¢ —1")
0 0

x <5(B<r'>5fg<r">>}, ®7)

where C,(7) = (6,(¢)6_(t")), is the qubit two-point
correlation function derived in Appendix A, and the bath
correlator (X (#')X(1")) depends only on the time differ-
ence ' — ¢ by assuming the stationary-bath condition.
The symbol Trg .{-} denotes a partial trace over the qubit
bath and resonator degrees of freedom. To evaluate this
expression, we expand both correlation functions in their
spectral representations:

N  dw

(Kp(1)R (1) = /

S ((1)) e—ia)(t’—t”) ,

— B8
Rl (BY)

Cylt =1") = / mi_wsq(me"w(f’—f”% (BY)
oo 2T

where Sp(w) is the bath noise spectral density and S, ()
is the qubit emission spectrum obtained in Eq. (5).
Substituting into Eq. (B7) and exchanging the order of
integration, we find

R ©dw [°dw
(et p P )e) =26 [~ 52 [0 s, (@)Su(a)
. Re{ [ dﬂ/ez‘<ww’><fﬂ’>}.
0 0
(B10)
At times t much longer than the correlation time of
the integrand but still short enough for the perturbative

expansion to remain valid, the double time integral
sharpens into a delta function via the asymptotic identity
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—o0

t [/ : / J /!
lim 2/ dt’/ dt" e @ =)= = 271 §(' — w).
0 0
(B11)

Applying this to Eq. (B10), the accumulated ground-
state population grows linearly in time,

© dw
Sy (@)Ss(@),

(B12)

(e[ Ty DO(1)}e) =3 — et /

—0o0

from which we identify the qubit decay rate

© dm
Fe—»g = /_ N Sq(w)SB<w)a

e (B13)

recovering Eq. (2) in the main text. The decay rate is thus set
by the spectral overlap between the qubit emission spectrum
and the bath noise density. This overlap integral is the
central object that connects the number-splitting physics of
S,(w) to experimentally measurable 7' degradation.

APPENDIX C: MULTI-WAVE MIXING
PROCESSES

The number splitting of the qubit spectrum can be
intuitively interpreted as multi-wave mixing processes.
Such processes have been discussed and experimentally
observed in other contexts [16,38-41], while rarely con-
nected to qubit linewidth broadening under readout. In the
following, we establish this connection to explain the
emergence of the non-trivial qubit spectrum central to
the T'; degradation.

The dressed eigensystem under readout can be derived
after performing a so-called polaron transformation [30]

Uy = expla(i,)a’ —H.cl], (C1)
where the qubit-state-dependent resonator displacement is
defined by a(i1,) =d,/[A; — yit, + ix/2], and we denote
i, = 6,6_ for convenience. For this discussion, we once
again neglect the complications introduced by the Purcell
filter by setting 6, =0 in Eq. (1). After plugging this
transform into the Lindblad master equation, we find the
following fully diagonalized Hamiltonian [30]

- d2(A, — yit
H = a)qﬁq + r( f 2){ 4)2
(Ag —yiy)” +x°/4

_Aata+yhata
Aga'a+yngata.

+ kIm{aja,}i,
(C2)

The steady-state resonator displacement a, and a, are
defined in Eq. (B2). In the polaron frame, the pointer states
correspond to the displaced vacuum, denoted by |e, 0) and
|g.0). They are equivalent to the coherent-state pointer

states |e,a,) and |g,a,) in the rotating frame in which
Eq. (1) is expressed.

Equation (C2) gives us a direct way to both compute and
understand the ac Stark shift B [c.f. Eq. (4)] of the qubit:
this is just the energy difference of the qubit’s excited
(ny = 1) and ground (n, = 0) states with zero photons in
the polaron frame. Recall that B describes the overall shift
of the qubit spectrum and the position of the peak
associated with the n = 0 no-photon transition. We find

B = (e,0|Hle.0) — (g.0|H]|g.0)

= Im{i(d,a; — d,a;) + ka}a,}, (C3)
which reproduces the shift derived in Eq. (B4) directly from
the number-splitting theory. The zero-photon energies in the
polaron frame include a so-called “reorganization energy,”
that is the ground-state energy of the conditionally displaced
cavity [i.e. second term in Eq. (C2)]. More interestingly,
there are terms that arise from displacing the cavity loss
dissipator [i.e. third term in Eq. (C2) proportional to x].
These different contributions can yield opposing contribu-
tions to the overall ac Stark shift B. Consider the case
A, = y/2, the standard choice in most experiments for the
readout drive frequency (i.e. w; = [w,(e) + @,(g)]/2). In
this case, the above expression yields an ac Stark shift
B = 4yd2(k*> — y*)/(k* + x*)?. For small y this matches
the standard perturbative expression B = y#n as expected.
However, for stronger couplings, the dissipative contribu-
tions to the Stark shift become subdominant, and for
l¥y] > x, B changes sign, matching the behavior seen in
Fig. 2(b). This is a striking departure from weak-coupling
expectations. One can confirm that this behavior only
happens for detunings sufficiently close to A; = y/2.

To understand the origin of the other peaks, we first
check the transformation of the qubit annihilation operator
through which the qubit interacts with the environment.
Under the polaron transformation, this operator becomes:

A~

6_ — U;lé_ Uy = 6_exp(daa’ — da*a)

—|§0z|2/285a21+ e o

=6_e (C4)

We now use this transformed operator to describe qubit
decay processes. We assume throughout that the initial state
before such decay is stationary: the qubit is in the excited
state, and the cavity amplitude has relaxed to its corre-
sponding steady-state amplitude. In the polaron frame, this
means that the initial state is the displaced vacuum |e, 0).
Therefore, the rightmost operator, e %@ acts trivially,
while the adjacent operator, ¢4 =S jen(8aa’) /n!,
maps the vacuum to a number of Fock states in this polaron
frame. For non-zero da, the qubit-bath interaction can also
change the photon number in the resonator.
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The simplest qubit decay process enabled by the dressed
operator in Eq. (C4) involves no-photon creation, i.e.
le,0) = |g.0). The emission frequency for this process
corresponds exactly to the ac Stark-shifted qubit fre-
quency, c.f. Eq. (C3). More non-trivial processes involve
qubit decay accompanied by the creation of n photons
in the displaced resonator, i.e. |e,0) — |g,7), with n # 0
and |g, 1) = (a*)"|g,0)/v/n!. In the displaced frame, the
energy cost of adding n photons is

(g.71|H|g. 7i) — (9.0|H|g,0) = —nA, = n[w,(g) — w,].
(C5)

We see that the effective cost of creating a photon is
the detuning A,; this reflects the fact that such creation
corresponds to the conversion of a drive photon to a cavity
photon. We stress crucially that as we are describing qubit
decay, the energy of cavity photons in the final state is set
by w,(g); there is no dependence on w,(e).

Finally, to make a transition |e, 6) — |g, 1) resonant, we
also need to create a bath excitation with a frequency wg
that absorbs the net energy produced in the transition, i.e.
wp = @, + nlA,. This is equivalent to:

D, + nwy = wp +nw,(g). (C6)
The transition amplitude is determined by e~1%" |sa|2/n!.
As discussed in the main text, these relatively simple

energetic constraints explain why the special choice of

w, = w,(g) minimizes the effective width of the qubit

emission spectrum. For this special choice, the conversion

of a drive photon to a final-state cavity photon at ®,(g)
costs zero energy. As such, no matter how many cavity
photons are produced in a decay event, the generated bath
excitation always has an energy wz = @,. The upshot is

that the qubit spectrum for this special detuning A; = 0

always has just a single peak, even for large values of y,

as multi-photon decay processes are not energetically

resolved.

APPENDIX D: EXPERIMENTAL SYSTEM
PARAMETERS AND CALIBRATION

The device parameters used for the experiment are
shown in Table I. The transmon is flux-tuned to character-
ize the TLS bath, following which the experiment and
calibrations are conducted at the flux bias near the TLS of
interest. State preparation, measurement, and reset of the
transmon occur at the transmon maximum frequency for
the experiment and most calibrations.

To characterize the readout system and dispersive shift,
we prepare the transmon in either |g) or |e) then probe the
resonator to characterize the qubit-state-dependent trans-
mission spectrum. We additionally do a final readout after
the probe to post-select against shots where the transmon

TABLE I. Device parameters.

Transmon frequency w,/2n 4746.3 MHz
Dressed resonator frequency ,(g9)/2x 6779.6 MHz
Readout dispersive shift x/2n —8.8 MHz
Readout linewidth in |g) Ky/2m 9.0 MHz
Readout linewidth in |e) K./2m 6.6 MHz
Purcell-filter frequency ,/2n 6816.2 MHz
Readout-Purcell coupling J/2r 17.1 MHz
Readout quantum efficiency n 12.94%
Transmon maximum frequency 0y /2n 5127.3 MHz
Experiment flux bias D\ 0.183 @,

state transitioned during the resonator probe due to events
such as energy relaxation. We fit the resonator trans-
mission spectra to a dedicated single-mode Purcell-filtered
model [28] to extract the relevant readout system param-
eters [Fig. 4(a)]. Note that the difference in |g) and |e)
resonator linewidths naturally comes from the difference
in resonator-Purcell-filter hybridization since the detuning
of the two is dependent on the qubit state.

The readout drive strength at the resonator is charac-
terized by the ac Stark shift of the transmon g—e
transition with variable frequency and amplitude drive
on the resonator. We let the resonator come to a steady
state for > 40/k before performing qubit-spectroscopy
with a relatively short 48 ns 7 pulse—in this way the
complicated number-splitting feature [24] of the qubit
spectrum reduces to a single Stark-shifted peak in the
spectroscopy signal as it is convoluted by a much broader
Gaussian envelope. For the scenario where the state-
dependent drive strengths are identical u = v, the shift
is either |a,|*y for the emission spectrum or |a,|%y for the
absorption spectrum. Unequal drive strengths modify this
result slightly. To see this, one can evaluate the first
moment of the emission spectrum Eq. (5), i.e.,
J& (dw/2r)wS,(w), or similarly for the absorption spec-
trum as derived in Ref. [24]. This quantity is equivalently
expressed as the initial derivative of the correlation
function, Eq. (A10), giving

OWsiark = Im{cq(o)} — Wy = |ae|2)( + Zd(u - v)Re{ae}'
(D1)

The second term is generally much smaller and vanishes
for w; = w,(e), where |a,|? is maximized. The Stark shift
for the absorption spectrum can be derived analogously.
The qubit state is finally measured after the resonator rings
down. The Stark shift is measured as a function of drive
frequency at a few drive amplitudes to calibrate the drive
power at the device [Fig. 4(b)].

We keep the SNR rate leveled at different drive detun-
ings by measuring a calibration curve of %SNR as a
function of drive amplitude over the range of drive
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FIG.4. Readout system characterization. (a) Qubit-state-dependent resonator transmission spectrum |S5;| with the transmon prepared
in |g) (blue) and |e) (red). Solid lines are fits to a single-mode Purcell-filtered readout model [28]. (b) Steady-state intracavity photon
number |a,|* as a function of drive amplitude at several drive frequencies (colored curves), extracted from the ac Stark shift of the
transmon g — e transition measured via qubit absorption spectroscopy. (c) SNR as a function of steady-state integration time for several
readout drive amplitudes, demonstrating the linear dependence used to extract the SNR rate, %SNR. Inset: Extracted %SNR as a
function of drive amplitude, used to level the measurement rate across different drive detunings. The quantum efficiency of the

measurement chain is characterized to be 12.94% [37].

detunings [Fig. 4(c), inset]. The SNR rate is experimen-
tally characterized by measuring the linear dependence of
SNR on the integration length when the resonator is in the
steady state for a choice of readout drive amplitude and
detuning [Fig. 4(c)]. The SNR for each integration length
is obtained from a double Gaussian fit of the readout signal
distributions with the transmon prepared in either |g)
or |e). Experimentally measured steady-state SNR rate
can be connected to the measurement rate with the quantum
efficiency of the measurement which we characterized to
be 12.94% with the method described in Ref. [37].

APPENDIX E: TLS CHARACTERIZATION

During the experiment, we use the flux tunability of the
transmon to perform 7, spectroscopy and identify TLS
defects in the vicinity of the qubit operating frequency. The
qubit idle frequency is chosen to be 366 MHz below its
upper sweet spot. Around that frequency, we identify a
single TLS that is both strongly coupled to the transmon
and persistent over the measurement window, yet switches
between two distinct frequency configurations on time-
scales of minutes. We segment the interleaved data by the
TLS configuration and analyze each independently.

For a qubit coupled to a single coherent TLS, the
excited-state population can exhibit oscillatory exchange
dynamics superimposed on exponential decay. We denote
coupling strength gy, detuning Ay = @y — @y, and TLS
dephasing rate y, . In the regime where the TLS is near-
resonant with the qubit (|Ay| < gys), the coherent swap
dynamics between the qubit and TLS produce oscillations
at frequency 2g,,, damped by the TLS dephasing. The
function used to fit the measured decay traces is [35]

P,(t) = a; cos(2gust)e 720" + aye ", (ED)

where the first term captures the coherent qubit-TLS
exchange oscillations, and the second term describes the
overall exponential relaxation of the qubit at rate y; due to
the remaining background bath. The coefficients a; and a,
are treated as free fitting parameters, which further depend
on other parameters that are less convenient to measure.

Figure 5 shows inversion recovery traces for the two
TLS configurations, together with fits to Eq. (E1). The
fitted parameters are shown in the caption of the figure.
Between the two configurations, the coupling strength gy
remains approximately unchanged while the TLS
decoherence rate y,q, and background y; vary. This is
consistent with a single defect whose internal dissipation
environment fluctuates between the two configurations,
while its spatial coupling to the transmon—set by the
defect’s position and dipole moment—remains fixed.

The extracted parameters are used to construct the
bath spectral density Sp(w) entering Eq. (2). For each
configuration, the spectral density is modeled as a
Lorentzian [32,33]

2
2gt1372,tls
2 2
(0) - a)tls) + Y248

Sp(w) = + YT, (E2)

with the offset 1/7T, accounting for the offset qubit decay
rate contributed by other environmental interactions other
than this prominent TLS. The form of Eq. (E2) assumes the
TLS resides in its ground state in the absence of qubit-
induced excitation. This is justified here because the
readout drive is applied to the resonator and is far-detuned
from the TLS transitions, so the drive is both spatially
decoupled and spectrally detuned from the TLS.
Furthermore, we allow sufficient relaxation of the system
to thermal equilibrium between shots. Thermal excitation
of the TLS is also negligible: at the TLS frequencies
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FIG. 5. Inversion recovery measurements of the two TLS
configurations observed during the experiment. Blue circles:
Measured excited-state population P,(¢) as a function of delay
time; red lines: Fits to a double-exponential decay model
[Eq. (E1)]. (a) First TLS configuration: A,,/2x = —16.3 MHz,
gus/27m = 020 MHz,  y,4,/27 =014 MHz and y,/2n =
24 kHz. (b) Second TLS configuration: A,/27z = —6.0 MHz,
Gus/27m = 0.19 MHz,  y,4/27 =021 MHz and y,/27 =
18 kHz. The extracted parameters are used to construct the
bath spectral density Sz(w) entering the theoretical predictions
shown in Fig. 3.

relevant here (wys/27~5 GHz) and typical dilution-
refrigerator temperatures (=20 mK), the corresponding
thermal occupation is exponentially suppressed, and
finite-temperature corrections to Sgz(w) can therefore be
safely neglected.

This procedure allows us to accurately construct the
bath spectrum entering the qubit decay rate in Eq. (2),
enabling a direct comparison between the measured read-
out-induced 7'; degradation and the theoretical predictions
shown in Fig. 3.
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