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Quantum mechanics predicts that unobserved systems may exist in a superposition of states,
yet measurement produces definite outcomes—a tension at the heart of the quantum-to-classical
boundary. How the transformation between these opposing regimes unfolds as observation strength
increases has remained experimentally unexplored. Here, by continuously tuning the measurement
strength on a superconducting qubit, we reveal that measurement-dominated dynamics emerge not
gradually but through three distinct transitions: coherent oscillations abruptly halt; the system then
freezes near a stable quantum state; and finally enters the quantum Zeno regime, where stronger
observation paradoxically slows relaxation. Decoherence, rather than washing out this structure, re-
organizes it—inverting the order in which transitions appear and decoupling signatures that coincide
in idealized models. These results establish that the route from quantum dynamics to measurement-
dominated behavior unfolds in sharp transitions governed by the interplay between observation and

environment.

Measurement shapes the boundary between quantum
and classical physics. Unobserved quantum systems
evolve continuously under the Schrodinger equation, but
measurement forces them into definite outcomes. Be-
tween these extremes lies a crossover whose internal
structure — whether it is abrupt or gradual, feature-
less or rich — has remained experimentally unexplored.
A continuously monitored two-level system offers a pre-
cisely controllable arena for resolving this question. Con-
sider a qubit with ground state |0) and excited state |1),
driven resonantly at a Rabi rate {2 and monitored by a
detector that clicks at a rate o when the system is in |0)
(Fig. . A single dimensionless parameter, the measure-
ment strength A = «/(2Qs), captures the competition
between coherent driving and the backaction of obser-
vation [I]. Quantum trajectory theory [2H5] describes
how stochastic detector clicks project the system to |0),
while between clicks, the wavefunction evolves determin-
istically under an effective non-Hermitian Hamiltonian
(supplementary text section |4)) [6], [7]

Ao/l = 2 (6 — 20[0){0]) 1)
The limiting regimes are well-understood. For weak
measurements (A < 1), coherent driving dominates, and
the qubit undergoes Rabi oscillations (Fig. 1). For strong
measurements (A > 1), measurement backaction [8-
I1] takes over: the sustained absence of clicks drives
the qubit towards |1), producing a “continuous quantum
jump” [12].
A recent theoretical study [I3] predicted that the
crossover between these two regimes occurs through a
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cascade of sharp transitions, each unveiling qualitatively
distinct dynamics and statistics of quantum trajectories
(Fig. .

Here, we observe this transition cascade experimen-
tally using a superconducting circuit in which a system
qubit is coupled to an ancillary detector qubit, forming
a V-type three-level system similar to ref. [I2]. We con-
trol the measurement strength A by varying the ampli-
tude of a drive resonant with the detector qubit tran-
sition (see Methods). Tuning A reveals three dynami-
cal transitions marking the emergence of measurement-
dominated behavior (Fig. [2)). At an exceptional point
of the non-Hermitian Hamiltonian, coherent oscillations
abruptly cease and trajectories begin evolving towards
a stable state—the hallmark of continuous quantum
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FIG. 1. Monitored qubit with tunable measurement
strength. The qubit is resonantly driven at a rate Qg (blue
arrows) while being continuously monitored by a detector.
The detector produces clicks (red bars) at a rate o whenever
the qubit is in the ground state |0). By tuning the dimension-
less measurement strength A = «/(2Qs), we drive a crossover
in the qubit dynamics from Rabi oscillations to jump-like tra-
jectories, illustrated by the excited-state population traces
(blue and red shaded, respectively).
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FIG. 2. Overview of dynamical transitions in the ideal monitored qubit model. As the dimensionless measurement
strength A = «/(2€)s) increases, the qubit dynamics evolve through four distinct regimes (A—D), separated by three sharp

transitions at A{_z = {1, %, 2}. Each row displays simulated dynamics in the different regimes, showing (from top to bottom)
cond

a representative binary click record, the conditional excited state probability P33 of the corresponding trajectory, and the
ensemble-averaged excited state probability Pj}". The Bloch spheres show the average qubit dwell time per unit angle 74(0)
(orange curves), plotted as radial height above the unit circle (a.u.), alongside the time evolution of the ensemble-averaged
state initialized at |0) (teal curves). (A) For A < A{, trajectories exhibit periodic Rabi oscillations, intermittently reset to
|0) by detector clicks, enabling the qubit to access the full range of polar angles. (B) The first transition at A{ marks the
onset of smooth, deterministic no-click evolution towards a stable eigenstate at polar angle 04 (dotted gray lines), creating
a forbidden region on the Bloch sphere (gray shading). Detector clicks typically interrupt this no-click evolution before the
qubit reaches the eigenstate. (C) Beyond the second transition (A > A5), the qubit frequently reaches and freezes near the
eigenstate before a click occurs, resulting in a divergent dwell time at 6. (D) At the third transition point (A = A3), the
ensemble-averaged dynamics shift from oscillatory behavior to overdamped decay with increasingly slow relaxation, marking
the onset of quantum Zeno behavior. In realistic experimental conditions, decoherence modifies both the locations and the
ordering of these transitions.

jumps [12], [14]. Beyond a second threshold, the dwell
time near this state diverges: trajectories “freeze” in its
vicinity. A third transition signals entry into the quan-
tum Zeno regime, where stronger measurement counter-
intuitively suppresses relaxation [I5HIS)].

Our analysis combines binary detector click records
with conditional quantum state tomography. This al-
lows us to reconstruct the qubit’s dynamics conditioned
on specific measurement outcomes, resolving dynamical
features that ensemble averages would obscure. We find
that decoherence does not merely shift the critical points
predicted by the idealized theory, but fundamentally al-
ters the transitions’ character and ordering. Neverthe-
less, the transitions themselves remain robust features of

the dynamics. These results elucidate the emergence of
continuous quantum jumps and provide a map of dynam-
ical phases in a monitored qubit.

Transition into the quantum-jump regime

The first transition, heralding the onset of continu-
ous quantum jumps, arises from competition between
two coherent processes acting during no-click evolution
(equation ): the Rabi drive attempts to rotate the
qubit around the Bloch sphere, while the no-click mea-
surement backaction pulls it towards the excited state
|1). Below a critical measurement strength A < A§,
Rabi driving dominates at all polar angles # on the
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FIG. 3. Observation of the transition to the quantum jump regime. Below the first transition (bottom Bloch sphere),
coherent driving (blue arrows) dominates measurement-induced backaction (red arrows) across the entire Bloch sphere, resulting
in oscillations. Above it (top Bloch sphere), measurement backaction precisely balances the coherent drive at a specific angle,
causing oscillations to halt and giving rise to quantum jump dynamics. (A) Tomographic data showing the excited state
population Pff;“d as a function of the no-click sequence duration and the measurement strength A, revealing the shift from
oscillatory to jump-like behavior. The transition is observed at A$*® = 0.99 & 0.01 (dashed red line). Each data point is the
average of 1500 experimental runs. (B) One-dimensional cuts below (bottom panel, A = 0.5) and above (top panel, A\ = 2.2)
the first transition at A\ values indicated by the dotted lines in (A)). The gray lines show the simulated no-click dynamics
with independently-measured parameters. Shot-noise error bars are smaller than the marker size. (C) Histograms of no-click
durations further confirm this transition. We initialize the qubit in |1) (in contrast to |0) in A, B) to suppress the effect of errors
in long no-click intervals. The gray solid lines show fits using a sum of three complex exponentials (Methods). Throughout
this figure, the single-measurement integration time is Tint = 320 ns and the coherent drive strength is set at Qg/27 = 100 kHz.

The tomographic measurement is preceded by a measurement to verify that the system is in the qubit manifold.

Bloch sphere, allowing the qubit to complete full pe-
riodic rotations. As A approaches A{, the oscillations
become increasingly asymmetric, reflecting the growing
impact of measurement backaction (Fig. . The crit-
ical point A{ = 1 represents the threshold at which
measurement backaction first becomes strong enough
to halt the qubit’s rotation. For any A > A{, back-
action precisely balances coherent driving at an angle
04 (X\) = 2arctan(v/A2 — 1 — \), creating a stable fixed
poimﬂ [19]. Trajectories now execute continuous, deter-
ministic quantum jumps from |0) towards the eigenstate
of Heg, |thy) = sin(%) \O)—i—cos(%*) |1), until a stochas-
tic detector click resets the qubit to |0). The fixed point
at |¢4) creates a forbidden region (—m, 6, (\)] on the
Bloch sphere, which eventually encompasses the entire
left hemisphere as measurement strength increases [13]
(see the Bloch spheres in Figs. [2B-D).

This transition coincides with an exceptional point —
a degeneracy in the spectrum of the non-Hermitian no-
click Hamiltonian H.g where eigenvalues coalesce. Since
the Hamiltonian is parity-time (P7T) symmetric, the
exceptional point separates unbroken and broken PT-
symmetric phases [7]. Beyond this point, the eigenvalue
difference becomes purely imaginary, causing the oscilla-

L A second fixed point appears at — = —w—04 [13]. However, this
fixed point is unstable, so the qubit reaches it only if specifically
initialized in that state.

tion frequency to vanish. Similar exceptional-point tran-
sitions have been observed in other systems [20-24].

To observe this transition experimentally, we recon-
struct the qubit’s evolution conditioned on the absence of
detector clicks. We perform qubit tomography after de-
tecting in real time a no-click sequence of the desired du-
ration. Repeating this procedure across different no-click
durations and measurement strengths reveals a clear shift
from oscillatory to quantum jump dynamics (Figs.[3A,BJ).
The measurements are in excellent agreement with nu-
merical simulations of a model that incorporates deco-
herence (supplementary text section . We find that
the Rabi oscillations become increasingly distorted as A
approaches the critical value.

The distribution of no-click durations independently
confirms this transition. Initializing the system in |1), we
record the waiting time to the first detector click. Since

the instantaneous click rate varies as 7(f) = o sin? (i;)),

Rabi oscillations imprint a periodic modulation on this
distribution. The data (Fig. confirm this expecta-
tion: oscillatory patterns at weak measurements give way
to monotonic decay as A increases. From the vanish-
ing of oscillations, we determine that the transition to
quantum-jump dynamics occurs at A$P® = 0.99 £ 0.01
(Methods and supplementary text section @

Transition into the state-freezing regime

A defining feature of strongly measured quantum sys-
tems is dynamical freezing: the qubit should not merely



approach the eigenstate |¢);) but remain trapped in its
vicinity for extended periods. To probe this behavior, we
examine the dwell time per unit angle 74 (6), defined such
that 79(0)A6 gives the mean time spent in the angular
interval [0, 6 + Af). Near the fixed point at 6, theory
predicts a power-law scaling 7 (6) ~ [0 — 9+()\)]£()‘) [13],
where the sign of the critical exponent £ reflects a compe-
tition between the click rate and the rate at which trajec-
tories approach 6. When clicks dominate (£ > 0), the
dwell time vanishes at the fixed point (Fig. . When
the approach rate dominates (§ < 0), trajectories accu-
mulate faster than clicks can reset them, and the dwell
time diverges (Fig. [2C]). This sign change defines a sec-
ond critical threshold at A§ = % ~ 1.15 in the ideal

model (supplementary text section , marking the onset
of dynamical state freezing.

We reconstruct 74 (6) experimentally by initializing the
qubit in |1}, recording the angular distribution p(6) of
first-click events, and normalizing by the instantaneous
click rate r(6) (Methods and supplementary text sec-
tion . Fig. shows the resulting dwell-time distribu-
tions across a range of measurement strengths. For weak
measurement strengths (A < 1), the qubit completes full
Rabi oscillations and 79(#) is approximately uniform. As
) increases, a forbidden angular region emerges. Intrigu-
ingly, this occurs at A ~ 0.57, well before oscillations
cease at AP = 0.99. This decoupling of the two signa-
tures of the first transition is absent in the ideal model,
where both appear simultaneously at \{ = 1. We at-
tribute this discrepancy to decoherence, which causes
the qubit’s no-click trajectory to spiral into the Bloch
sphere’s interior. This altered trajectory permits a for-
bidden region and a fixed point to exist in the presence
of damped oscillations.

At higher measurement strengths, a pronounced peak
develops at the fixed point, consistent with the predicted
divergence. By fitting 79(6) to the expected power law
and extracting the zero crossing of ¢ (Fig. , we locate
the second transition at A$P® = 0.9240.01 (Methods and
supplementary text section @ Strikingly, this lies below
the first transition, inverting the prediction of the ideal
model. This counterintuitive result again reflects the in-
fluence of decoherence: analytical and numerical calcula-
tions show that decoherence shifts the second transition
to lower A while raising the first, causing them to cross
(Fig. [6] and supplementary text section [6).

Transition into the quantum Zeno regime

The third and final transition occurs when the system
enters the quantum Zeno regime [I3] 25]. Beyond this
transition point, measurement-induced backaction sup-
presses, rather than accelerates, the relaxation of the ini-
tial state towards the steady state [26-29] (Figs. 2C,D).
In addition, measurement-induced dephasing critically
damps the ensemble dynamics at the transition point,
turning decaying oscillations into an overdamped de-
cay of the qubit polarization. These changes stem from
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FIG. 4. Dwell time per unit angle 79(f) across the

second transition. (A) Ridge plot showing how the dwell
time evolves with measurement strength A. Purple dashed
lines are fits to the analytical model 79(6) ~ [0 — 04 (X\)]*™
(Methods), performed only when 6, > —7/2. Inset: zoom-in
on four representative values of A illustrating the transition:
at A = 0.4, the dwell time is nonzero across all angles; at A =
0.57, a forbidden region has formed, before the first transition
at A$PS; at A\ = 0.88, the dwell time remains small near 6, ;
at A = 1.17, a pronounced peak develops. Vertical arrows in
both the main panel and the inset indicate the scale. (B)
Fitted critical exponent £ versus A. Error bars represent lo
confidence intervals. The dashed black line is a fit to the
analytical model, yielding A" = 0.92 & 0.01 (vertical red
line) at £ = 0 (horizontal gray line), marking the transition
from finite to diverging dwell time near the forbidden region.
Throughout, the coherent drive is Qs/27 = 100kHz and the
angular bin width is 27 /80.

an exceptional point of the Liouvillian superoperator £
in the master equation for the qubit’s density matrix
p(t) [30; 1311,

== =i "oy p(0)] + e [0)0 50, (2

with the dissipator D[f)](ﬁ) = LpLt — %{f)fﬁ,ﬁ} cap-
turing both the stochastic clicks generated by L = |0)(0|
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FIG. 5. Relaxation to the steady state across the
third transition. At this transition, oscillatory decay gives
way to overdamped relaxation; beyond it, stronger measure-
ment slows relaxation, marking entry into the quantum Zeno
regime. (A) Ensemble-averaged excited state probability
P3}® for selected A. Each data point is the average of 3000
experimental runs. Error bars are smaller than the marker
size. Dashed lines show fits using a sum of three complex
exponentials. (B) Extracted relaxation rates (blue) and os-
cillation frequencies (purple) versus A. Error bars indicate
lo confidence intervals. The dashed line is a fit of the oscil-
lation frequency to the predicted behavior (Methods). The
transition is observed at A3”* = 1.09 +0.01 (dashed red line),
below the ideal value A\§ = 2 owing to finite waiting time in
the detector’s excited state. Throughout, the coherent drive
is Qg /27 = 100 kHz.

and the no-click backaction generated by LTL.

To probe this transition, we perform state tomography
after variable evolution times without conditioning on the
click record (Fig. |pA]). For small A, the decay rate grows
monotonically with A\, while the oscillation frequency de-
creases (Fig. bB|). However, at the observed transition
point A\$P® = 1.0940.01 (Methods), the dynamics become
overdamped and oscillations vanish. Beyond this point,
further increasing A slows down the exponential decay,
completing the entry into the quantum Zeno regime [I3].
The observed transition lies well below the ideal predic-
tion A§ = 2 owing to the finite waiting time 75 in the
detector’s excited state between a click and the start of
a new trajectory. This waiting time renders the dynam-
ics partially non-Hermitian, lowering the critical value

(supplementary text section 32].

Conclusions

The transition from drive-dominated coherent evolu-
tion to measurement-dominated behavior manifests not
as a gradual crossover, but as a structured cascade of
sharp dynamical transitions. By accessing the full mea-
surement record, we resolve these transitions individ-
ually, each revealing a distinct hallmark of monitored
quantum systems that ensemble averages obscure. Strik-
ingly, decoherence does not blur these transitions but
fundamentally reorganizes the dynamical phase diagram
(Fig. @), inverting the ordering of the first two critical
points: dephasing shifts the state-freezing threshold be-
low the onset of continuous quantum jumps, while the
detector’s finite waiting time lowers the onset of quan-
tum Zeno dynamics (supplementary text section @

The structure uncovered here points to a broader land-
scape. Beyond measurement strength, the temporal
spacing of observations has been predicted to drive its
own set of transitions—between ergodic, fractal, and lo-
calized phases [33]. Additional probes, such as click
counting fields [25] or trajectory-resolved entropy pro-
duction [34], may uncover further structure, including
topologically distinct phases [25] [35]. More broadly, the
cascaded emergence of measurement-induced dynamics
should extend beyond the single-qubit setting, with im-
plications for measurement-enhanced entanglement gen-
eration [36] and measurement-induced phase transitions
in many-body systems [37H40].
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FIG. 6. Summary of transition locations. Comparison
of the three critical measurement strengths A{ 3 across three
levels of description: the ideal model (A = 1, A\§ = 2/V/3,

5 = 2), the realistic model (supplementary text sections
and @ incorporating decoherence (A\{ = 1.18, A\ = 1.01,
S = 1.25), and experimental observations (A;™ = 0.99,
AsPS = 0.92, A3” = 1.09). Notably, decoherence inverts the
ordering of the first two transitions (A§ < A{), a feature cap-
tured by the realistic model. Remaining discrepancies likely
reflect residual systematics in calibration and data analysis
(supplementary text section E[)
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MATERIALS AND METHODS

Experimental setup. Our device comprises two fixed-frequency transmon qubits housed in a 3D superconducting
readout cavity [I2]. The system or “dark” qubit is oriented perpendicularly to the field of the cavity’s fundamental
mode, causing a weak dispersive shift of xs/2m = 0.27MHz. By contrast, the detector or “bright” qubit is aligned
parallel to the field and couples an order of magnitude more strongly to the cavity (xg/27m = 5.1 MHz). Due to the
nonlinear interaction between the two qubits [4I], the doubly excited state |es, ep) is shifted by xsp/27m = 36 MHz
and becomes inaccessible, leaving an effective V-shaped three-level system: the ground state |0) = |gs, gB), the dark
excited state |1) = |es,gn) (system qubit excitation), and the bright excited state |B) = |gs,ep) (detector qubit
excitation).

By applying a readout tone at w = wr — xB, With wgr the readout cavity frequency, we monitor the population in
IB) at a rate I' o« g, with g the average number of readout photons set by the readout tone amplitude Qg. Due to
the large asymmetry in the dispersive shifts, we achieve rapid, single-shot readout distinguishing |B) from |0) and |1)
with a fidelity exceeding 95% within an integration time Ti,; = 320ns. A weak resonant drive of amplitude Qp < T’
induces excursions from |0) to |B), producing detector “clicks” at rate o o< Q% /T [42]. To tune \, we adjust Qp while
keeping the system drive 2g and the readout tone 2y fixed. More details on the experimental setup can be found in
supplementary text sections [I] and

Calibration of the measurement rate «. The click rate « is defined as the inverse of the mean waiting time
the qubit spends in |0) (with Qg = 0) before being excited to the detector’s excited state |B), where it produces a
detector click. We determine « from a hidden Markov model (HMM) analysis of the detector click record. In this
approach, we use the Baum—Welch algorithm [43] to infer the underlying transition rate o from |0) to |B) using the
observed click sequence. This independently calibrated rate determines the dimensionless measurement strength via
the relation A = a/(2Qg). In addition to the measurement rate, the HMM analysis also provides the waiting time 73
in |B). More details are provided in supplementary text section

Quantum state tomography. Quantum state tomography at the end of an experimental run occurs either after
a preset duration or conditioned on detection of a specific click pattern. After switching off all three drives, a first
projective measurement verifies that the system is not in the detection state |B). Conditioned on finding the system
within the qubit manifold {|0),|1)}, a set of calibrated Pauli operations maps the X, Y, or Z polarizations of the
system manifold onto the detection manifold {|0),|B)}. A second projective measurement is then performed, enabling
reconstruction of the system’s density matrix.

Constructing angular dwell time histograms. To reconstruct the angular dwell time distribution 74(6), we
use two measured quantities: the temporal probability density of the first click p(¢) and the instantaneous click rate
r(t) = — [dP(O) (t)/dt] /PO (t), where PO)(t) is the no-click probability up to time t. Using the angular no-click
evolution 6(t) obtained from quantum state tomography, these quantities are converted to their angular counterparts,
p(0) and r(#). The mean dwell time per unit angle in the interval [0,0 + Af) is then calculated as:

as detailed in supplementary text section

Because the boundary of the forbidden region can land arbitrarily close to a bin edge, we employ a deterministic
rule to avoid numerical artifacts. For each A in Fig. 4l we compute two histograms from the same data: one on a grid
starting at —m and one shifted by half a bin width. We then select the grid that yields the larger single-bin dwell
time within the window (—g, 0), where the divergence is expected. For A < \§, the choice has no perceptible effect,
while for A > A§ it preserves the visibility of the divergence at 6.

Extracting the observed transition locations \°PS. To extract AP, we analyze the dynamics of PO (1),
which is described by a sum of three complex exponentials corresponding to three poles in the Laplace domain
(supplementary text section [6 Al). Using the matrix pencil method [44], we estimate these poles and track ej, es,
which form a complex-conjugate pair below the transition. The transition occurs when this pair coalesces and splits
into two distinct real values. We extract A$P® by fitting the pole splitting Aejs = (€1 — e2)/2 near the transition to

Aejs = (L()\ _ )\cl)bs)O‘S + b()\ _ bes)l.S’ (Sl)
a functional form derived from the square-root singularity characteristic of exceptional points (supplementary text

section . Uncertainties are estimated using a residual bootstrap procedure.
To extract A3”, we analyze the angular dwell time data in Fig. 4. The data are fitted to the binned version of the



analytical form of the angular dwell time (supplementary text section [4]):

0
A (tan & —tan )¢ 6, <6<0
T0(0 | A,04,8) = cos*d (tan £ —cot %*)H‘l -7

0 otherwise,

(52)

with
E=(A\/VA2-1) -2 (S3)

For £ > 0, 79 vanishes as [0 — 19_5_]5 when 6 — 6, while for —1 < £ < 0 it diverges. We fit this expression near the
first non-vanishing bin (approximately 6. ), treating 6, £, and the scaling parameter A as independent parameters.
We then fit £ (A) to equation , allowing only a horizontal shift. The transition point is identified by &(\$P®) = 0.
Further details and full-scan fits are provided in supplementary text section [7]

To extract A\$P®, we apply the same pole-based procedure used for AP to the ensemble-averaged excited state
probability PS}® shown in Fig. Although Plef;s is described by a sum of four complex exponentials (supplementary
text section , numerical analysis indicates that one eigenmode decays faster than the time resolution set by the
integration time T, and is therefore not resolvable. The matrix pencil model-order selection confirms three resolvable
poles in the relevant A range. The difference between e; and es, the two poles in the conjugate pair, is fitted to the
functional form in equation (SIJ), replacing A$S with A3PS. For details, see supplementary text section
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SUPPLEMENTARY TEXT

SM 1: Experimental System

The device consists of two fixed-frequency transmon qubits housed in a three-dimensional superconducting readout
cavity [I2]. The chip was fabricated on a 430-pm-thick sapphire substrate using electron-beam lithography. Aluminum
was deposited in two orthogonal evaporations with an in situ oxidation step between them to form Manhattan-
style Al/AlO, /Al tunnel junctions. The chip is placed in a rectangular 1060 aluminum cavity (Fig. , whose
fundamental mode serves as the readout resonance. The cavity halves were etched and sealed with indium wire to
improve the internal quality factor. The two transmon qubits are oriented to achieve strongly asymmetric dispersive
coupling to the readout mode: the detector (“bright”) qubit is aligned parallel to the cavity field, maximizing the
dispersive coupling (xg/2m = 5.1 MHz). This enables rapid, high-fidelity readout of the detector’s excited state |B).
The system (“dark”) qubit is oriented perpendicularly to the cavity field, strongly suppressing its dispersive coupling
(xs/2m = 0.27 MHz). This minimizes measurement-induced dephasing of the system qubit.

The nonlinear interaction between the two qubits shifts the doubly excited state |es,eg) by xsg/27m = 36 MHz,
rendering it inaccessible under resonant driving. This leaves an effective V-shaped three-level system (Fig. [S1B]).

The cavity is enclosed within successive Amumetal and OFHC copper shields for magnetic and thermal isolation,
and mounted on the mixing-chamber stage of a dilution refrigerator with base temperature of ~ 10mK. The full
wiring diagram is shown in Fig. [S9

SM 2: System Parameters

The complete Hamiltonian describing the two transmons and readout cavity (in the absence of drives) is:

. o K K
Hean /B =wpb'h — B2 4 sts — 2551252

) 2 (S4)
- xSBb*bg i (wR ~ \mbTh— xngg) s

where l;, §, and 7 are the annihilation operators for the detector transmon, system transmon, and readout cavity
modes, respectively. The parameters for this Hamiltonian, along with relevant coherence properties, are detailed in
Table

[1)
%
[ o
—
|0)

FIG. S1. Experimental implementation of a qubit with tunable monitoring strength. (A) Two-transmon chip
mounted within a rectangular 3D superconducting cavity. In the expanded view, the detector (“bright”) transmon (red)
is aligned with the cavity field lines (yellow arrows) to ensure strong dispersive coupling. The system (“dark”) transmon
(blue) is oriented perpendicular to the field, strongly suppressing its dispersive coupling to the readout mode. (B) Energy
level diagram showing the shared ground state |0) and two single-excitation states |1) and |B) forming a V-type structure.
Higher-excitation states (e.g., the doubly excited state, shown in gray) lie outside the operating manifold. A resonant drive
of amplitude Qg couples |0) to |B), whose population is continuously monitored via the readout cavity at rate I'. (C) This
configuration effectively realizes a two-level system whose ground state is continuously monitored by a click detector with
tunable measurement strength o o< Q3 /I
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parameter description value
ws system qubit resonance frequency 27 x 5.393 GHz
Ks system qubit anharmonicity 21 x 146 MHz
T system qubit lifetime 93 us
T2 system qubit coherence time 23 us
Xs system qubit-cavity dispersive shift 27w x 0.27 MHz
nih system qubit average thermal population 3.5%
wB detector qubit resonance frequency 27 x 6.265 GHz
Kg detector qubit anharmonicity 27 x 185 MHz
T3 detector qubit lifetime (Qp = 0) 5pus
™ detector-state waiting time (s # 0) 4 us
T3 detector qubit coherence time 8 us
XB detector qubit-cavity dispersive shift 27 x 5.1 MHz
nth detector qubit average thermal population 0.5%
XSB system qubit-detector qubit dispersive shift 27 x 36 MHz
WR readout cavity resonance frequency 27 x 8.094 GHz
KR readout cavity linewidth 27 x 3.6 MHz

TABLE S1. System parameters and their respective values, cf. equation (S4). The quoted coherence times are measured in
the presence of the readout cavity drive, with the exception of T3.

SM 3: Measurement Scheme

This section describes how we continuously monitor the qubit and extract the measurement rate « from the recorded

data.

A. Drive Configuration

Three microwave drives are applied simultaneously during the experiment (Table [S2)):

Drive Description Frequency Controlled parameter
Qs system qubit drive ws Qs

Qp detector qubit drive  wp «

Qr readout cavity drive  wr — xB «

TABLE S2. Drives used in this work. The dimensionless measurement strength A is tuned by varying 2, while Qs and Qgr
remain fixed.

The system drive {2g induces Rabi oscillations between |0) and |1). The detector drive Qp couples |0) to the bright
state |B), and the readout drive Qg enables continuous monitoring of the |B) population.

To maximize detection fidelity for |B) while minimizing decoherence in the system manifold {|0),|1)}, we drive
the readout at frequency wr — xB, which is resonant with the cavity only when the system is in |B). The resulting
monitoring rate of the |B) population is [45]

r___fr (xB/2)* B
2(x8/2)* + (kr/2)?’

(S5)

where kg is the readout linewidth and ng |QR\2 is the average intracavity photon number. We extract ng ~ 12
using the calibration procedure of ref. [46].

The measurement rate a depends on both Qg and I'. The procedure for extracting a from experimental data is
described in the final subsection below.

B. Continuous Monitoring Protocol

The readout signal is integrated over successive intervals of duration Tj,;, producing an integrated voltage value for
each interval. These values cluster into two well-separated peaks: “click” (system in |B)) and “no-click” (system in
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FIG. S2. Click record extraction. (A) Raw integrated measurement signal versus time. (B) Histogram of measurement
outcomes, fitted with a sum of two Gaussians, with typical false-negative/false-positive probabilities of prp = prn = 4%. The
dashed line indicates the discrimination threshold; the gray band marks the uncertainty region used for Schmitt-trigger filtering.
(C) Resulting binary click record. (D) Distribution of no-click durations with Qg = 0, showing exponential decay at rate «
(black line). Excess counts in the first few bins (excluded from the fit) arise from false negatives: missed clicks when the system
is in |B) produce spurious short-duration no-click intervals.

|0) or |1)). We fit the histogram to a sum of two Gaussians and set the discrimination threshold at their intersection
(Fig. [S2A,B)). To suppress noise-induced misassignments, we apply a Schmitt trigger [47]: any measurement falling
within an uncertainty window around the threshold retains the previous state assignment. This produces a binary
click record (Fig. [S2C).

C. Definition of a Click

In the ideal two-level model setting of ref. [I3], a click corresponds to instantaneous projection onto |0). In our
three-level system, a click involves three sequential processes: (i) The detector drive 5 induces excitations from |0)
to |B), (ii) the readout projects the state onto |B), and (iii) the system relaxes back to |0) with relaxation time 7p.
Hence, experimentally, a “click” refers to a measurement outcome indicating detection of the system in |B). The net
effect is projection onto |0), as in the ideal model, but with a finite average delay 75. The impact of this delay on the
dynamics is analyzed in Section [5

D. Extraction of the Measurement Rate o

From the click record, we compute histograms of no-click durations — the time the system remains within the
|0)—|1) manifold before a click occurs. With the system drive off (s = 0) and the system initialized in |0), these
distributions decay exponentially at rate a(2g), consistent with a Poisson process (Fig. . While fitting this decay
provides an initial estimate of «, this approach is sensitive to misassignments. To obtain accurate values, we analyze
the click record using a three-state hidden Markov model (HMM) [43] that accounts for misassignments and finite
detection fidelity. This HMM is defined by a transition matrix T and an emission matrix E. The transition matrix
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FIG. S3. Extraction of measurement parameters via HMM analysis. (A) Measurement rate o = g4 versus detector
drive amplitude Q. While the measurement rate initially follows the expected quadratic scaling (solid black line), saturation
occurs at high drive strengths (A > 2). Dashed gray lines indicate the observed transition values A$® = 0.99 and A$”* = 0.92.
Inset: expanded view of the region near the dynamical transitions. (B) Decay rate vy, = 75 ! versus Qp. g, is less affected
by the drive owing to the Stark shift induced by readout photons. Error bars represent 1o confidence intervals.

encodes the probabilities p;; of moving from state i) to state |j) in one time step dt. In our system, transitions occur
between |0) and |B) and between |0) and |1), but not directly between |B) and |1). The matrix therefore has the form:

1—poB —po1 PoB Dol
T= DBo l-po O ; (S6)
D10 0 1—pio

where rows and columns are ordered as |0), |B), |1). These probabilities relate to the underlying rates via

(PoE, PRO) = (g(l —e ), %(1 - e_FEdt)>7 I'e =796t +7EL,

for E € {B, 1}, where vg4 and g, are the excitation and relaxation rates between |0) and |E). These relate to the
parameters used elsewhere in this paper as follows: the measurement rate is o = g4, the inverse waiting time in |B)
is 75! = vB,, and the qubit relaxation rate is (T4) ™' = vi,.

The emission matrix encodes the probability of observing each outcome (click or no-click) given the hidden state.
Only |B) should produce clicks, while |0) and |1) should both yield no-click outcomes. Detection errors modify these
ideal probabilities: a false positive (probability prp) registers a click when the system is not in |B), while a false
negative (probability ppx) misses a click when the system is in |B). The emission matrix is therefore

1 —prp  prp
E=| p,xn 1-pen |, (57)
1L —prp  prp
with columns ordered as no-click, click. The identical first and third rows reflect that |0) and |1) are indistinguishable
to the detector.

We use the Baum-Welch algorithm [43] to find the parameters that maximize the likelihood of the observed click
record. Initial guesses for y;4+ and 7, come from independent 77 and thermal population measurements, those for
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~vB+ and vy from exponential fits to click/no-click intervals, and those for ppp and ppn from the Gaussian separation
in the readout histogram. From the optimized transition matrix, we extract o and 7, which are used in all numerical
simulations (supplementary text sections [5{ and .

Figure shows the extracted rates versus detector drive amplitude Q. The measurement rate « increases
approximately quadratically with g, consistent with the expected scaling a o< Q% /I'. In contrast, the waiting time
Tp varies less across the range of drive amplitudes. This is because the readout photons induce a Stark shift that
detunes the detector qubit transition once the system reaches |B). Instead, 75 is determined primarily by the intrinsic
lifetime of the detector qubit T &~ 5 us. In the range of Qp where the dynamical transitions occur, we find 75 ~ 4 us

(supplementary table [S1)).

SM 4: Overview of the Ideal Model of Monitored Qubit Dynamics

In this section, we review the ideal model of monitored qubit dynamics as presented in ref. [I3], adapting the
notation and derivation for clarity.

A. No-Click Dynamics of a Monitored Qubit
We consider a coherently driven qubit with Hamiltonian
A Qs

The qubit ground state |0) is monitored by a sequence of partial measurements performed at intervals dt < g L
Each measurement yields either a click or no-click outcome—associated with the Kraus operators

Melick = \/]3 |O><O| ) Mno—click = |1><1| + m |0><0‘ y (SQ)

with p € [0,1] the per-interval measurement strength. In the limit dt — 0, we keep the effective measurement rate
a = £ fixed, so that p = adt < 1 per time step. The dimensionless measurement strength is then A = a/(29s).
Expanding Mo-clicke to first order in p and combining with the unitary evolution U~1- i%&y dt, the no-click

evolution takes the form Mno—clickU ~I— %ﬁcg dt, yielding the effective non-Hermitian Hamiltonian of equation :

He/h = % (G — 21 |0)(0]) . (S10)

Since the dynamics are constrained to the X Z-plane, the qubit state is fully characterized by the polar angle 6(t)

of its Bloch vector [¢[0(t)]) = cos(@) 1) + sin(@) |0). Note that 6§ = 0 corresponds to the excited state |1) and

6 = 7 to the ground state |0), opposite to the convention in ref. [I3]. The combined evolution leads to the equation
of motion:

0(t) — Qs [1 4+ Asin@(t)] dt no-click
O(t + dt) = (S11)
T click,

where the click probability per interval is

Petick (0) = adt sin® (g)
=r(0)dt,

(S12)

with r (0) the instantaneous click rate.

The no-click dynamics depend on A: for A < 1, the angular velocity is always negative, driving 6(¢) anticlockwise
around the Bloch sphere. For A > 1, two fixed points emerge, f4 = 2arctan(—X £ /A2 — 1), where the angular
velocity vanishes. In this regime, the angular velocity is positive for _ < 0 < 6, reflecting the competition between
the coherent drive and the measurement backaction. Consequently, the range 6 € (—m,0) constitutes a forbidden
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region inaccessible under no-click evolution. With the initial condition 6(0) = 7 (i.e., the ground state |0)), the

solution of equation (S11f) is

—_ )2
tan 20— v1=A Y (S13)
2 tan(%Qst\/l —)\2)

For A < 1, this describes periodic evolution, while for A > 1, the qubit evolves from 6 = 7w at ¢t = 0 to 8 = 6
at t = oo — a continuous quantum jump. The transition between these regimes, nominally at A\{ = 1, is visible in

Fig,

B. Click Record Statistics

We now turn to the no-click probability P(?)(¢), defined as the probability of obtaining no clicks up to time ¢. Its

evolution is governed by
dP©) (¢
0 — o) PO, (s14)

where —dP(O)(t) /dt corresponds to the probability density of registering the first click at time ¢, or, equivalently, the
distribution of no-click durations.
Combining equation (S12)) with the trajectory 6(t) from equation (S13)) yields

_aqee— 1+ A2 cos (Qst\/l - )\2) + AV1 — A2sin (Qst\/l - )\2)
= e .

(0)
PY(t) 1 (S15)
Consequently, the distribution of no-click durations is
dPO) (¢) Qe st T1F (222 — 1) cos (Qstv/1T — A2) + 20v/T — A2sin (Qstv/T — A2) (16)
_ 7 = Se v .
dt A2 -1

For A < 1, the distribution of no-click durations oscillates, matching the periodic no-click dynamics: since r(0) =
asin®(0/2) (equation (S12)), clicks cluster near § = m and are suppressed near § = 0. For A > 1, the oscillations
cease, and the distribution of no-click durations decays exponentially, cf. Fig. PO)(t) exhibits the same regimes
(oscillating for A < 1 and non-oscillating for A > 1), making it a suitable observable for identifying the location of the
first transition, cf. Fig.

C. Angular Distributions

The second transition is characterized in ref. [I3] through the steady-state angular probability density Ps.(6):

A
an £ — anei VAT
A (t g 2) for 0 € (04,7 (S17)

Py (0) = (I+Asin0)? \ (o £ —cot 9%

0 otherwise.

This expression diverges at 6, for A > 2/4/3, indicating that the system spends an extended amount of time in the
vicinity of 6.

Here, we instead characterize the second transition using the angular dwell-time density 79(6). Consider a system
initialized at @ = w. We define the expectation value E[Tag(0)] of the time Tag(f) spent in the interval [0, 6 + A0)
before a click occurs. The dwell-time density is then

(S18)

Since clicks reset the system to § = 7, one expects that Py (0) o 79(6). This reflects the fact that the probability
density of finding the system state in the vicinity of 6 after an infinite evolution duration is proportional to the time
the system spends in that vicinity. Equation (S24)) below confirms that this is indeed the case.
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The expectation value E [Tag(f)] can be calculated as follows. For small Af and conditioned on the absence of
clicks, the time spent in the interval [0, 6 + Af) is simply the traversal time Tag(#) = Af/||, where the angular
velocity satisfies 6’(0) < 0, cf. equation . However, when starting from 6 = m, the system does not always
reach this interval: a click may interrupt its trajectory, in which case Tag(f) = 0. The probability of reaching 6 is
PO(9) = PO(t(6)), where t(6) is the time to reach # under no-click evolution. Thus, the system spends on average

E[Tag(8)] = P (0)A6/|6] in the interval. Substituting into equation (S18) yields

_ p(O)(@)
7'9(0) = |9‘

(S19)

The dwell time can also be expressed in terms of the angular first-click density p(0), defined as the probability
density for the first click to occur when the system reaches 6:

dP©)(9) dPO)(t) 1
o0)= — (520)
Using equation (S14)), we obtain
P(O) (9)
p(0) =r(0) ———, (521)
16|
which yields
PO 0
T0(0) = ©) _ o) (S22)
o) T
Combining equations (S20)), (S16]), (S13|), and (S11), we obtain
A
2xsin?(4) [ tan &—tan 55 | VAZ-1 0 ’\/237,
p(6) = { Trrsmo)? <tan§_cot§> (tan %) YT for g€ (0,71 ($23)
0 otherwise.
Substituting this result into equation (S22|) gives
1 tangftan% V’\>2\*1 04 _\/f’ji,l
To (9) = Qs(1+Asin 9)2 tan gfcot 6% (tan 7) for 6 € (0+’ 71—] (824)
0 otherwise.
N
In other words, 74(6) = (AM2g)~* (tan %’) VAT=1 P ().
This expression can be rewritten as
1 01\ f;—l 1 0 [ \/ﬁ_2 0 0_\ A;—1_2 for 0 0
0(0) = 4 B (tan 7) 1T (tan 5 — tan 7) (tan 5 — tan 7) or 0 € (04,7] ($25)
0 otherwise.
Here we used the relation
0 0 0 0 6_
1+ Asin @ = cos? 3 (tan 3 tan ;) <tan 3 tan 2) . (S26)

The divergence in 79 (6) thus arises when the critical exponent £(A) = (A/VAZ — 1) —2 crosses 0, i.e., at A = A\§ = 2/1/3.

When initializing the system at # = 0 (as in the main text), rather than at § = 7 (as above), there are two
differences: (i) the system does not visit § > 0 before a click occurs; (ii) 79(6) is multiplied by a constant factor
because in the new setting P(?)(# = 0) = 1 (as opposed to P(D(# = 7) = 1). This ultimately yields formula
used to fit the experimental data curves 75(A,8) close to the fixed point 0, and to identify the observed transition
as ASP® = \(¢ = 0) (Fig. |4l and Methods).
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SM 5: Realistic Model of Monitored Qubit Dynamics

In this section, we extend the ideal model of supplementary text section [4] and ref. [I3] to account for realistic
experimental conditions:

e Pure dephasing, modeled as Markovian fluctuations of the relative phase between |0) and |1), quantified by the
pure dephasing time TS¢ . This dephasing is primarily induced by the readout cavity drive.

e Relaxation, describing spontaneous decay from |1) to |0) with lifetime 7§;

e Detector inefficiency, manifesting as false positives (spurious clicks at rate kpp = ppp/dt, cf. supplementary
text section [3 D)) and false negatives (true clicks missed with probability prx);

e Finite waiting time 7p in the detector qubit’s excited state |B) (cf. Fig. : after a click, the system is projected
onto |B) and remains there before relaxing back to |0);

e Finite integration time T}, arising because the detection signal is integrated over a nonzero window, reducing
temporal resolution compared to the idealized instantaneous measurements.

Dephasing, relaxation, detector inefficiency, and finite waiting time admit analytical treatment, developed below.
Finite integration time is incorporated into the numerical simulations (Section .

A. Dephasing and Relaxation

The pure-state dynamics of Section [4 assumed ideal measurements and no decoherence. To incorporate dephasing
and relaxation, we use the density matrix formalism.

a. FEnsemble dynamics. The unconditional evolution is governed by the Lindblad master equation , extended
to include dephasing and relaxation:

dp _
dt

i

L[p] 5

. 1 1
[Ha, p] + aD[0){0]]p + ﬁp[gz]p + T?D[IOWHP, (527)

where D[L]p = LpLt — %{I:T[A/, p} is the standard dissipator. The three dissipative terms describe the measurement
backaction, dephasing, and relaxation, respectively. o

b. Postselected dynamics. For evolution conditioned on no clicks, the quantum-jump term LpL' of the measure-
ment dissipator is removed, yielding the postselected Liouvillian £p:

i

d
*p:ﬁP[P} =73

p (Haop] = G001} + 5Pl + 7 PO} 1o (525)

S

This evolution is not trace-preserving: Tr[p(t)] gives the no-click probability P()(t). In the absence of decoherence,
equation (S28)) reduces to the pure-state no-click dynamics of Section

B. Detector Inefficiency

In practice, the measurement record is affected by detection errors: false positives (a click is registered when
none occurred) and false negatives (a true click goes undetected). False positives occur spontaneously at rate kpp,
independent of the system state. False negatives occur with probability ppn whenever a true click happens.

a. FEnsemble dynamics. The unconditional evolution is unaffected by detector inefficiency: the true measure-
ment backaction occurs regardless of whether the detector correctly reports it. The ensemble Liouvillian remains
equation .

b. Postselected dynamics. For evolution conditioned on no registered clicks, detector errors modify the dynamics
in two ways.

First, consider false positives. A postselected trajectory ends when a click is registered, which can happen either
due to a true click or a false positive. In the ideal case, the no-click probability decreases at a rate a{0|p|0) due to
true clicks, captured by the anticommutator —5{[0)(0|, p}. False positives provide an additional, state-independent
channel for trajectory termination, contributing a uniform decay —kgpp.
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Second, consider false negatives. When a true click occurs but goes undetected, the system experiences the mea-
surement backaction—projection onto |0)—yet the trajectory continues since no click was registered. In the ideal
postselected dynamics, the quantum-jump term « |0)(0]p|0)(0| is absent because clicks terminate the trajectory. With
false negatives, a fraction ppn of clicks go undetected, so this term is partially restored: ppn ¢ |0)(0]p]0)(0].

Combining these effects, the postselected Liouvillian becomes

Eplp) =~ ) = G001} = v+ pe e )01 pI0)0] + 5 Ploslot PO (. (529
S

The eigenvalue structure of Lp determines the first two transition points, as analyzed in Section @

C. Finite waiting time in |B)

When a click occurs, the system is projected onto |B) and returns to the qubit subspace only after a finite waiting
time 7. Since postselected trajectories condition on no clicks, the system never reaches |B) and the waiting time
does not affect the postselected dynamics. However, it does modify the ensemble dynamics:

Qups(t) = Lplps] + ﬁf 10)(0].

Bpr(t) = a (0] ps [0) — % (S30)

where pg is the density matrix in the qubit subspace and pg is the population in |B). Since the ensemble dynamics
are not influenced by detection errors, this expression uses Lp rather than Lp. In the limit 753 — oo, the system
never returns from |B), and the qubit dynamics reduce to the postselected evolution. In the opposite limit 75 — 0,
the population returns instantaneously: setting dypp = 0 gives pg/m8 = (0| ps |0), and substituting into the first
equation recovers the ensemble dynamics of equation .

SM 6: The Transition Locations in the Realistic Model

We analyze how decoherence modifies the locations of the dynamical transitions, building on the realistic model of
Section bl Since the eigenvalue structure of the relevant Liouvillians fully determines the transitions, we compute the
critical measurement strengths numerically by exact diagonalization.

A. Postselected Liouvillian with Decoherence

The first two transitions are determined by the no-click dynamics, governed by the postselected Liouvillian Lp of
equation (S29). To analyze its eigenvalue structure, we parametrize the density matrix in the |1)—|0) basis as

_1lips+z =
ps(t)—2< - ps—z)’ (S31)

where pg = Tr[pg] is the no-click probability, z = (0.), and & = (0,). The coherence z is real since the dynamics
preserve the X Z-plane of the Bloch sphere.
. . . _ T .
Converting equation (S29)) to the vector representation s = [pg,x, z]* yields

ds ~
—=Lps S32
dt P S, ( )
with matrix representation
gm0 3
EP = 0 —Y2 — % — RFp QS . (833)
Bt —m —Qs — 4% —m — Krp

Here, aer = a(1 — ppn) is the effective click rate, v = 1/73 is the relaxation rate, and vo = 1/TS‘15 +1/(2T%) is the
total decoherence rate (including the contribution from relaxation).

The eigenvalues of £p determine the transition locations. We order them by their real parts: Re(e1) < Re(eq) <
e3 < 0, where e3 is always real while e; and e, form a complex conjugate pair in the oscillatory regime.
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B. The First Transition: Cessation of Oscillations

The first transition marks the boundary between oscillatory and non-oscillatory no-click dynamics. It occurs when
ey and ey transition from complex conjugates to distinct real values, passing through a degenerate point. This
requires the characteristic polynomial Cp(A) = det(Lp — Al) to have a repeated root, i.e., Cp(A) =0 and Cp(A) =0
simultaneously.

In the ideal case, the transition occurs at A = 1. With finite decoherence, the critical point shifts. We determine
A§ by numerically finding where the discriminant of Cp(A) vanishes. As shown in Fig. A{ rises with increasing
decoherence. For our experimental parameters (T3 = 93 us, T, Sd’ = 26 us, Qs/27m = 100 kHz), numerical diagonalization
yields A ~ 1.18. Note that in our setup, the finite waiting time in |B) allows for repeated integration windows,
resulting in a negligibly small probability of not registering a click, i.e., effectively ppn ~ 0. The false positive rate
krp does not affect A\§ because false positives are state-independent and thus cannot influence the dynamics governing
the transition.

(A) Pure dephasing (B) Relaxation (C) False positives
2.0 fF———mmmm e e ] 2.0 === m e e ] 2.0 === m e ]
1.8 4 1.8 4 1.8 4
1.6 1.6
iS] iS]
< 14 1 < 14 -
L I T . 12 ;
1.0 ] 1.0 rem———————m=m oo - -]
0.8 T 0.8 T 0.8 T T
107° 107 107 107° 107 107 107° 107 107
Y/Qs y1/Qs Kep/Qs
(D) False negatives (E) Waiting time (F) Summary
Ideal |
Model LA A

Realistic | .
Model H oA

Exp. 1 @ A

0.8 T T T T — T T 0.8 L ) e e e MLELIESLL! m o i T T T T T
107 1072 107 1072 107" 10° 10" 1.00 125 /\1C.50 175  2.00
PrN K=QsTg
® A m A A 2§
FIG. S4. Dependence of transition locations on decoherence parameters. Dashed lines show numerical results

from the realistic model with the indicated parameter varied and all others set to zero; solid lines show results with all
other parameters held at experimental values. The first, second, and third transition locations are shown in green, blue, and
red, respectively. Vertical dotted lines indicate experimental parameter values. (A) Effect of pure dephasing rate v4 /s, with
Yo = 1/TS. (B) Effect of relaxation rate y1/Qs. (C) Effect of false positive rate kpp/Qs. (D) Effect of false negative probability
prn. (E) Effect of dimensionless waiting time x = Qs7p. (F) Summary comparing ideal values (A = 1, A5 = 2/v/3,A§ = 2),
realistic model predictions (A§ = 1.18,A§ = 1.01,A§ = 1.25), and experimental values (A$™* = 0.99, AP = 0.92, A\3>* = 1.09).
The inverted ordering A5 < AY is reproduced by the realistic model and confirmed experimentally.

C. The Second Transition: Onset of State Freezing

The second transition marks the onset of state freezing near the fixed point 6. The transition arises from the
competition between two rates: the click rate at the fixed point —e3 and the approach rate to the fixed point
—Re(ez) + e3. As a result of this competition, the dwell time near the fixed point scales as 79(0) ~ |6 — 6|, where
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the critical exponent is

_ €3 _ 263 — RG(EQ)
= Re(es) —e3 b= Re(es) — e (S34)

The transition occurs when & = 0, i.e., when Re(ez) = 2es.
In the ideal model, all eigenvalues are real for A\ > 1:

€3 = —QS(A -V )\2 — 1), €y = —)\QS, €1 = —QS(A + vV )\2 - ].), (835)

and the condition e; = 2e3 yields \§ = 2/v/3 ~ 1.155. With finite decoherence, however, the transition location
shifts (Fig. . Notably, dephasing lowers the location of the second transition, in contrast to its effect on the first
transition. Moreover, false positives do impact the second transition, increasing A§. However, in our experiment,
Schmitt-trigger filtering (supplementary text section [3)) strongly suppresses the effective false-positive rate, well below
its raw value kpp = prp/dt ~ 125 ms~!. Therefore, we set kpp = 0 in the realistic model. For our experimental
parameters, numerical analysis yields A§ ~ 1.01, confirming that dephasing can invert the ordering of the first two
transitions.

D. The Third Transition: Onset of Quantum Zeno Dynamics

The third transition occurs in the ensemble dynamics, marking the boundary between oscillatory and overdamped
relaxation to the steady state. Unlike the first two transitions, it is primarily affected by the finite waiting time g in
the detector’s excited state.

The ensemble dynamics including the detector’s excited state are given by equation . Extending the
parametrization to include the detector population, we define v = [pg,ps,z,2]T. The evolution becomes
dv/dt = Lpv, with

|
‘)—‘
o]
o
|
o)

|
[%]]s}
o
R
N

Lp=| ™ : 336
i 0 0 —p-2 QO (536)

-—— 97 - —-F-m

Note that the ensemble dynamics are independent of detector inefficiency, since the physical measurement backaction
occurs regardless of detection outcome.

The third transition occurs when the characteristic polynomial Cg(A) = det(Lp — Al) has a repeated root. The
waiting time 7p interpolates between two limits: for 75 — 0, the system returns instantly from |B) to |0), recovering
the standard ensemble dynamics with A§ = 2 in the ideal case. For 78 — o0, the system never returns, and the
ensemble dynamics reduce to the postselected dynamics, giving A§ — A{. As shown in Fig. A§ drops significantly
even for modest m5: for kK = Qg = 2.5 (our experimental value), numerical diagonalization gives A§ ~ 1.25.

SM 7: Extraction of Observed Transition Values

In this section, we detail the procedures used to extract the observed transition locations {A\$®*} from the raw
trajectories and derived observables, expanding on the overview in the Methods section.

A. First transition — A\

The matrix in equation has three eigenvalues and therefore predicts that, even in the presence of decoherence,
the dynamics of P()(t) — the probability that no detector clicks have occurred up to time ¢t — are described by a
linear combination of three complex exponentials. The first transition is the point where two of these eigenvalues
coalesce. In the Laplace domain, the eigenvalues correspond to poles; away from the transition the pole set comprises
a complex-conjugate pair e1, es and a real pole; at the transition the pair becomes real, leaving only real poles and
hence purely decaying dynamics.

We extract the three poles of P(®) (t) using the matrix pencil method [44], a high-resolution technique for estimating
the poles of complex exponentials, setting the model order to three. Confidence intervals are estimated with a residual
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FIG. S5. Extracting A\{®® from the pole spectrum of the no-click probability P®)(t). (A) Real parts of the three
poles governing PV (¢); (B), (C), imaginary and real components of the pole splitting Aeis = (e1 —e2)/2, all obtained from the
matrix pencil method. Points show the bootstrap median and error bars indicate a lo-equivalent uncertainty. The transition
is characterized by the vanishing of the imaginary component and the emergence of a real component. The dashed black line
shows a joint fit of the real and imaginary parts to equation near the critical point. The vertical red line marks the location
of the first transition, measured to be A$®® = 0.99 4 0.01.

bootstrap procedure separately for each A. First, a fitted curve is constructed from the poles and amplitudes of the
complex exponentials obtained with the matrix pencil method. Then, residuals are calculated by subtracting the fit
from the experimental P(©) (t) data. In each of the 2000 bootstrap iterations, synthetic data are generated by sampling
these residuals with replacement and adding them to the fitted curve. The matrix pencil method is then reapplied
to the synthetic data. Consistent tracking of the pole labeling across different bootstrap iterations is enforced by a
fixed sorting convention. Finally, we record the median and 1o confidence interval for both the real and imaginary
components of each pole, see Fig.

At the critical measurement strength \;, two eigenvalues coalesce, and the Liouvillian in equation acquires
a Jordan block structure. Expanding around this transition, the eigenvalue splitting depends on the perturbation
§ = A — AP, While the individual eigenvalues also experience common-mode shifts, these cancel out when taking
the difference between them. Consequently, the splitting itself is governed by the expansion of the discriminant of the
characteristic polynomial, y/ad + 362 + .... Taylor expanding this term yields an expansion of half-integer powers:
§1/2,6%/2 ... 48], justifying the form of equation , which captures the critical point and the behavior up to second
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order.

By treating the two components Re(Ae;2) and Im(Aejs2) as a combined data set, we fit them simultaneously to
equation with a single shared parameter set. Since the expansion holds locally, the fit only uses a narrow window
around the initial guess for AP®. Varying the size of this window over a reasonable range leaves A$P® unchanged within
uncertainties, yielding A{™* = 0.99 + 0.01.

Benchmarking this extraction procedure on simulations of P(°)(t) including shot noise indicates a systematic un-
derestimate of the extracted ASP® by ~ 0.1. This bias may partially account for the discrepancy between the realistic
model (supplementary text section [5)) and the observed value.

B. Second transition — A3

The second transition, which concerns the divergence of the dwell time 79(6; ) ~ |9 — 9+‘£(/\) near the fixed point
6, , is identified from the zero crossing of the critical exponent £(ASP%) = 0. Within the accessible sector 6, < 0 <0,
the expression for the dwell time is (section

A (tang — tan %)5

0| A0 =
7'9( ‘ s +7£) COS4(g) (tangfcot%)§+47

79 =0 for 6 < 6., (S37)

where we treat (4, 60,,&) as free parameters. We fit the experimental dwell-time data for each A around an initially
guessed 6 to the bin-averaged model of equation (S37):

I
Toin (07) = 35 / (0 | A,04,8)dd, 05 = L(0p + Oni1)-
On

We then fit the extracted £(\) to equation , allowing a horizontal shift d\:

A— G
S Sy (53%)

yielding A\$P® = 0.92 4 0.01 as the zero-crossing location of &g;, with the uncertainty being the 1o confidence interval.
Using equation (S34)), the second transition can be independently inferred from the pole analysis of the no-click
probability P©)(¢) (Fig. [S5), yielding a consistent result.

C. Third transition — A3

The third transition is extracted from the spectral analysis of the ensemble-averaged excited state probability
Pﬁ‘;s, modeled by the Liouvillian in equation . Although the full spectrum contains four eigenvalues, for our
experimental parameters one real eigenvalue is large and negative. The corresponding eigenmode decays too rapidly
to be resolved, given the experimental time resolution Ti,, rendering it effectively unobservable. Furthermore, one
eigenvalue is strictly zero, representing a steady-state solution. The remaining two eigenvalues form a complex-
conjugate pair. This effective three-pole structure is confirmed by the singular value decomposition (SVD) step of
the matrix pencil method [44], which reveals a rank three model — a zero pole and a complex-conjugate pair. We
extract all three poles and track the two oscillatory poles, e; and ep. Analogous to the analysis of AP, we identify
the transition at the coalescence point of this pair. We jointly fit both components of their difference Re(Aeq2) and
Im(Aejz) to the near-transition form of equation with a shared fitting parameter set, yielding A3 = 1.09 4 0.01
(Fig. [ST7).

Similar to the first transition, the extraction procedure may underestimate A", potentially accounting in part for
the discrepancy with the prediction from the realistic model (supplementary text section .

SM 8: Numerical Simulations and Error Budget

We validate our experimental results using Monte Carlo trajectory simulations with independently measured system
parameters. Fach trajectory is evolved in time steps of dtg,, = 10ns. Within each time step, the qubit undergoes
unitary evolution governed by equation followed by stochastic collapse events that include dephasing, relaxation,
thermal excitation, and measurement-induced transitions from |0) to |B).
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FIG. S6. Extraction of A" from the fitted critical exponent £. This figure complements Fig. 4 I by showing the
fitted values of £ obtained from the angular dwell-time data 79(0). Each 79(0) trace is fitted near its first non-vanishing bin
(= 0+) to the analytical model described in Methods, yielding the parameters & (top), 0+ (bottom), and a scaling factor A
(not shown). The dashed black line shows the fit of £(\) to the analytical model. The second transition is identified from this
fit at AS™® = 0.92+0.01 (dashed red vertical line), corresponding to the zero crossing £(A$P*) = 0 (horizontal gray dashed line),
where the dwell time transitions from finite to divergent.

To emulate the experimental detection process, we group the simulation into intervals of duration T, (corresponding
to dt“’t time steps) and compute the total time Tg spent in |B) during each interval. If Ty > Tin/2, the interval
is classified as a click; otherwise, it is classified as no-click. Detection errors are then applied by ﬂlpplng the click
(no-click) outcome with probablhty prN (prp), as obtained from the HMM analysis described in Section (3| l Note
that a brief excursion to |B) lasting less than Ti,/2 results in a missed detection even before the detection error is
applied. Fig. presents simulation results corresponding to the experimental data in Fig. Panel A shows the
simulated qubit Z-polarization conditioned on no clicks. Panel B displays the no-click probability P(O)()\, t) and panel
C summarizes the error budget by showing the fraction of trajectories affected by each error type.
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FIG. S7. Extracting A" from the pole spectrum of the ensemble-averaged excited state probability Py, (A)
Real parts of the three poles governing the dynamics of Plel’;s; (B), (C) imaginary and real components of the pole splitting
Aeiz = (e1 — e2)/2. Points show the bootstrap median and error bars indicate a lo-equivalent uncertainty. As in the first
transition, the critical point is identified by the simultaneous vanishing of the imaginary component and the emergence of a
real component. The dashed black line shows a joint fit of the real and imaginary parts to equation . The vertical red line

marks the location of the third transition, measured at A$® = 1.09 & 0.01.
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FIG. S8. Numerical simulation of the no-click evolution. (A) Simulated excited state population as a function of the
no-click sequence duration and measurement strength A. Each pixel corresponds to the average of 3 x 10® stochastic trajectories,
though the effective number decreases at longer durations where a click typically occurs during a trajectory (see panel B). The
simulated behavior is in good agreement with the experimental data (cf. Fig. . The horizontal gray lines indicate the A-values
of the one-dimensional cuts in Fig. [3B] — one below the first transition (A = 0.5) and one above it (A = 2.2). (B) probability
of obtaining no clicks up to time t, P(O)()\, t). Most trajectories experience a click before reaching the target duration. (C)
Error budget. Each panel shows the fraction of trajectories that reached the target duration but experienced an event of the

type indicat

ed.



26

Qubits Readout TWPA Readout
drive input pump output

0dB 0dB 0dB 0dB

g g g g

10dB

zIOdB

20dB

N_

10 GHz

#dB atten.

directional
coupler

isolator

amplifier

circulator

Al 8@@ OFHC Copper
y,

cavity

IR filter

OFHC Copper
Aluminium

low-pass
filter

TalcIv T

FIG. S9. Cryogenic microwave wiring diagram. The experimental device is enclosed within OFHC copper and A4K
shields for thermal and magnetic isolation. Control signals are synthesized by a Quantum Machines OPX+ system and
upconverted using IQ-mixers before entering the cryostat. They pass through a sequence of attenuators, low-pass filters (LPF),
and infrared filters to ensure proper thermalization and noise suppression. The output signal is first amplified by a traveling-
wave parametric amplifier (TWPA, Silent Waves Dreadnought) and then routed through a double-junction isolator, enabling
high-fidelity single-shot readout.
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