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A. Conceptual overview

For a cavity initialized in |n), the probability of find-
ing the cavity in the Fock state |I) for a complex dis-
placement « is described by the analytical expression
W: Pulal?) = [UD(a) In) [ = (nl/i)a20=melor
Ln!="(Ja|?), where £n!~" is an associated Laguerre poly-
nomial. We use QuTip [2, 3] simulation tool to study the
evolution of a cavity initialized in different Fock states
under the action of a small displacement drive. As seen
in Fig. [S1] the probability of observing a dark matter
induced signal is significantly enhanced for a cavity pre-
pared in large |n) Fock state.
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FIG. S1. Phase-space representation of the cavity state
before and after the dark matter wave push. (Left
plots) Displacing the cavity initialized in |0) in an arbitrary
direction by a small coherent push Scon < 1 results in a small
probability Po1 o |[Mo,1]? for creating a |1) component by
spontaneous emission of a photon from the DM wave. The
direction of displacement is determined by the instantaneous
phase of the DM wave which is randomized every DM co-
herence time, but since the initial cavity state is azimuthally
symmetric, a displacement in any direction gives the same
probability Ppi. The red dashed line is shows as a guide to
locate the origin w.r.t to the center of the blob. (Right plots)
The cavity is initialized in a |n) = 10 Fock state which also
has an azimuthally symmetric Wigner distribution. Displac-
ing this distribution in an arbitrary direction shifts some part
of the distribution to larger radius and other parts to smaller
radius. For example, the lower plots shows a displacement of
Beon = 0.1 in the positive X = Re(f) direction. The shift
to larger radius corresponds to stimulated emission to states
with larger photon number, for example |11) while the shift to
smaller radius corresponds to stimulated absorption to states
with smaller photon number, for example |9). As shown in the
histograms, the stimulated enhancement factors (Npock + 1)
and Npock give probabilities which satisfy Pio,11 = 11 X Po1
and P10’9 =10 x P0’1.

B. Dark matter conversion and scan rate

The expected signal rate (Rs) from DM is proportional
to the volume and the quality factor of the cavity. In
DM experiments operating below 1GHz (hv < kpT),
the background rate (Rp) is limited by the thermal oc-
cupation of the cavity such that the noise added by an
amplifier in the readout process is sub-dominant. How-
ever, at frequencies in 5 — 30 GHz range, the DM search
faces major challenges as the signal-to-noise ratio (SNR)
rapidly plummets down.

The expected DM signal decreases at higher frequen-
cies due to following reasons: (1) the cavity volume di-
minishes as the cavity dimensions shrink to maintain the
resonance condition (V oc v73) for a TMgy,o type mode,
(2) the quality factor of a normal metal cavity degrades
due to the anomalous skin effect |4} |5]. Moreover, the
noise from quantum-limited readout process increases at
higher frequencies because the power scales as hv (Q]’;M ),
where Qpy is the quality factor of a DM wave given by
the escape velocity of DM from the galaxy. The first
term in the expression represents the energy of one pho-
ton, which is determined by the standard quantum limit.
This limit specifies that the minimum amount of noise
added by an amplifier is equivalent to a mean photon
number of figgr > 1[6, |7, 8, |9, [10]. The signal fre-
quency scan rate R (in Hz/s), a key merit of haloscope
type experiment, is proportional to oc R?/R;, as shown
in Eq. . Quantum-enhanced techniques to improve
signal rate and reduce noise are required to improve SNR
and hence accelerate the search for the extremely weak
dark matter signal.

The integration time (At) required for a background
limited dark matter search is given by the time required
to achieve lo sensitivity determined by Poisson count-
ing statistics: RsAt > /Ry At, where Ry = nigp/7 and
background rate R, = nl/7. The signal accumulation
time for each Fock state preparation is given by 7. For
an optimal dark matter scanning experiment, we would
want to start with a high-Q cavity (Qcay > @pm) in the
largest possible Fock state |n) such that 7 (which must be
smaller than the Fock state coherence time Qeqy /(v % 1))
can be matched with the signal coherence time Qpn/v.
Hence, the integration time at each frequency point scales
as R,/R2 and, the scan rate is given by,

v 1
Qpwm )

such that At is the sum of many iterations of duration

R=Av/At = ( o« R?/Ry, (S1)
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7 and Nipals 18 the total number of iterations for each
Fock state preparation. While the stimulated emission
technique will generally enhance R by a factor (n + 1),
the coherence time of the prepared quantum state is also
reduced by a factor (n + 1), thus also restricting the ac-
cumulation time 7. The smaller coherence time then
necessitates a faster readout rate which then generally
causes the background rate R} to also increase by a fac-
tor (n+1) for backgrounds which are associated with the
readout procedure or due to a residual non-zero mode oc-
cupation number in the cavity. The overall improvement
in dv/dt due to Fock enhancement is then a single fac-
tor n(n + 1), where 7 is the detection efficiency in the
experiment.

Each measurement sequence consists of state prepa-
ration and validation (2us + 3 x t,, = 17pus), sig-
nal integration (20 us) and 30 repeated measurements
(30xt,, = 150pus). There is an additional dead time
in the experiment due to imperfect state preparation
which constitutes 35% x 17 us &~ 6 us for |n = 4) Fock
state. The total search time at each Fock state is roughly
20,000 x 193 pus = 36.6s with a duty cycle of % =10%
(3.6s of integration). For the present apparatus, the duty
cycle could be increased to ~ 30% if longer signal integra-
tion times are chosen at the expense of greater system-
atics due to Fock state decoherence. Higher Q cavities
would enable even larger integration times and duty cy-
cles.

C. Experimental setup

The cavities and qubit are mounted to the base plate
of a dilution fridge (Bluefors LD400) operating at 10 mK.
Fig. shows an image of the actual device, which
is housed in two layers of p-metal to shield from mag-
netic fields. Signals sent to the device are attenuated
and thermalized at each temperature stage of the cryo-
stat as shown in Fig. The field probing the read-
out resonator is injected via the weakly coupled port
(shorter dipole stub antenna). Control pulse for the qubit
are inserted through the strongly coupled readout port
(longer dipole stub antenna). The storage cavity is driven
through a direct port which is weakly coupled to the ex-
ternal microwave chain. Both control lines also contain
an inline copper coated XMA attenuator that is threaded
to the base plate. The signal from the readout resonator
reflects off a Josephson parametric amplifier before be-
ing amplified by a cryogenic HEMT amplifier at the 4 K
stage. The output is mixed down to 100 MHz IF signal
before being digitized. Cavity and transmon fabrication
details can be found in Supplemental materials of Ref.
|11} {12].

D. Fock state preparation and characterization

In several recent works, it has been demonstrated that
a single transmon is capable of preparing any quan-
tum state in the cavity and perform universal control
on it. The methods developed include - resonant swap
of a qubit excitation to the cavity [14], SNAP gates
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FIG. S2. Wiring diagram inside the dilution refriger-
ator and the room temperature measurement setup.
Quantum Machines (QM) OPX controller was used to gener-
ate the arbitrary wave forms (DACs) and digitize the incom-
ing readout signal (ADCs). All the tones are up-converted
using IQ modulation, with local oscillator (LO) and AWG
synced to an SRS F2575 RB source. Storage cavity is con-
trolled via a direct port and qubit is controlled by injecting a
drive into the strongly coupled port of the readout. Readout
signal is injected into the weakly coupled port, and the signal
is routed to the JPA using non reciprocal circulator elements.
The amplified signal is routed to the HEMT for further am-
plification and the signal is then mixed down to 100 MHz IF,
further amplified, and finally digitized. All the RF lines are
heavily filtered with homemade eccosorb filters and attenu-
ated to minimize stray radiation from entering the device.
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FIG. S3. Multimode cavity. Image of a microwave cav-
ity fabricated using the flute method . The storage and
readout cavities are indicated in red and green, respectively.
The cavity volumes are carved out of a monolithic Aluminum
block (height = 2.25 in) by drilling offset holes from the top
and the bottom surfaces using a 3/16-inch drill bit.

, Blockade , and GRadient Ascent Pulse Engineer-
ing (GRAPE) based optimal control (OCT) pulses
and Echoed Conditional Displacement (ECD) control
pulses to solve the inversion problem of finding con-
trol fields to transfer a quantum system from state A to
B. We use a GRAPE based method to generate a set of
optimal control pulses to prepare non-classical
states in an cavity. In the optimal control, we consider
the full model of the time dependent Hamiltonian and
generate the control pulses which maximizes the target
state fidelity as has been previously demonstrated in nu-
clear magnetic resonance experiments as well as su-
perconducting circuits . The main advantage of this
approach is that the duration of state preparation pulses
can be as short as 1/x and does not necessarily increase
for higher Fock states . We use OCT pulses to
successfully prepare cavity Fock states as shown in Fig.
(b).

We briefly investigated the SNAP protocol to pre-
pare Fock states but did not pursue further as it suf-
fers from two issues limiting the maximum achievable fi-
delity. First, the number of constructed sequences scales
as (2n+1), requiring large number of gates, limiting oper-
ations which are feasible in the presence of decoherence.
Second, the constructed model fails to account for the
higher order Kerr non-linearity (Hserr/h = K(a')?(a)?)
in the Hamiltonian, which is non-negligible at higher pho-
ton occupation. This results in finite occupation proba-
bility at the other Fock states as well.

We know that a Fock state has a definite photon num-
ber but no definite phase associated with it. Therefore,
a simple qubit spectroscopy reveals as much as informa-
tion as a Wigner tomogram would do. However, we use
both these methods to compute and confirm the pres-
ence of Fock states in the cavity. Fig. [1| (b) shows the
qubit spectroscopy (top) and Wigner tomography (bot-
tom) of the resultant Fock states. Qubit spectroscopy is
performed immediately after the optimal control (OCT)
pulses, a single peak in each qubit excitation probability
(P.) distribution confirms the creation of the correct |n)

Fock state. Resultant probability distribution is fitted
to a Gaussian to estimate the state preparation fidelity.
Grey dashed lines correspond to the expected shift in fre-
quency, accounted for quadratic dispersive shift. Wigner
tomography is performed by coherently displacing
the resultant cavity state in 2D phase space to map the
average parity and thus, reconstruct the cavity state den-
sity matrix.

The Wigner tomogram of a particular cavity state is
quasi-probability distribution and is a function on a pair
of conjugate variables. The marginal distribution ob-
tained by integrating along one of these variables gives
the probability distribution in the other variable. Wigner
tomography is a useful metric to determine the non clas-
sicality of a state. The key features of non-classical states
is the negativity of Wigner function. We refer readers to
[21] (page 35-37) for an excellent discussion on the re-
lation between Wigner function and the photon number
parity of a cavity state, measurement procedure and how
to reconstruct the density matrix of a quantum state in
the cavity.

Moreover, we study the evolution of the cavity under
the action of OCT pulses by tracking the cavity state as
shown in Fig. (b). We perform a number resolved
qubit spectroscopy at different points in time to map
out the occupation probability of different Fock levels,
in agreement with the simulated trajectory.

E. Calibration of number resolved 7 ulse

In order to successfully probe the presence of Fock
states in the cavity, we need a very well calibrated nar-
row bandwidth 7-pulse - amplitude as well as frequency.
We perform an amplitude Rabi experiment with a 3 us
(40) long Gaussian pulse such that its spectral spread
is smaller than the y-shift. After a coarse amplitude
sweep, we perform a finer sweep centered at the initial
guess and apply a set of 12 Gaussian pulses in succession
to amplify any gate errors such as under/over rotation,
frequency drift to get a better estimate of the m-pulse
amplitude. For qubit transition frequency, we initialize
the cavity in a particular Fock state |n) and perform a
qubit Ramsey interferometry experiment. It consists of
two /2 pulses separated by a variable delay time. A
Fast Fourier Transform (FFT) of the resultant time os-
cillations gives the shift in the qubit transition frequency
which accounts for any higher order corrections as well.
The computed transition frequencies and amplitude are
used in the actual experiment to minimize the errors.

F. Device calibration

By applying a weak coherent tone at the storage cav-
ity frequency, we induce a variable displacement « of the
cavity state. We calibrate the number of photons in-
jected into the storage cavity by varying the drive am-
plitude and performing qubit spectroscopy. By fitting
the qubit spectrum as shown in Fig. [S5 to a Poisson
distribution, we extract the cavity occupation, i = |a|?.
Similarly, the qubit drive strength is calibrated by per-
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FIG. S4. Fock state preparation in a cavity disper-
sively coupled to a transmon qubit. (a) Optimized con-
trol drives to the qubit (top) and cavity (bottom) to transfer
the qubit-cavity state from |g,0) — |g,3). The drive strengths
are in units of MHz. (b) Simulated trajectory of the cavity
state using QuTip under the control drive. Measured cavity
occupation probability showing all the levels explored during
the evolution before converging to the desired state |g, 3) at
the end. The experiment involves playing a fraction of the
OCT pulses and performing qubit spectroscopy with a num-
ber resolved m-pulse. Each vertical slice corresponds to the
cavity occupation probability in different number states as
function of the duration of pulse. Note that the simulation
does not include the presence of neighboring cavity modes
as well as the measurement infidelity. Control fields for the
qubit and cavity are generated by a room temperature field-
programmable gate array (FPGA) controller, which also pro-
vides a low-latency feedback signal to actively monitor the
state of the cavity.

forming qubit Rabi experiments with varying AWG am-
plitude and pulse length. The measured drive strength
and the AWG amplitude mapping is used to send the
correct OCT pulses to the device. See Supp. section in
[11] and [13] for more details on device parameter cali-
brations.

G. Hidden Markov model analysis

We adopt the Hidden Markov Model (HMM) approach
presented in [11] to consider all the possible errors that
may occur during the measurement process and alter
the state of the cavity, qubit, and readout. The cav-
ity and qubit states are treated as hidden variables
that emit readout signals. The Markov chain is mod-
eled by the transition matrix (T') (Eq. (S3)) which de-
scribes the evolution of the joint cavity-qubit hidden
state s € [|n'g),|n'e),|ng), |ne)] and the emission ma-
trix (E) (Eq. (S4)) that calculates the probability of a
readout signal R € [G, £] given a certain hidden state.
It’s important to note that with a number-resolved -
pulse centered at the n-shifted peak, we can only de-
termine whether the cavity is in the |n) Fock state or
not (|n’ # n)). During this course, the first measurement
collapses the cavity state to either |n + 1) or not. If in
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FIG. S5. Qubit spectroscopy reveals cavity displace-
ment (a) Pulse sequence showing the calibration of cavity
photon number by performing qubit spectroscopy. (b) The
cavity is displaced using a variable weak coherent drive for a
finite period of time. The resulting population of the cavity is
determined by performing qubit spectroscopy with a resolved
m-pulse. The cavity photon number dependent shift of the
qubit transition frequency reveals the cavity population. By
fitting the spectrum to a Poisson distribution we extract the
weights of the cavity number states in the prepared coherent
state and thus, the mean photon occupation.

|n + 1), the subsequent measurements are QND and via
the quantum Zeno effect, each measurement resets the
clock on the decay of the |n + 1) state.

The transition and emission matrix were first intro-
duced in [22] and implemented in [11]. The change in
qubit state probability is not affected by the cavity state.
However, the repeated measurement of the cavity state
with a number selective m-pulse introduces an additional
channel through which the cavity loses its excitation. It
is called demolition probability (pg), which signifies the
non-QNDness of the projective measurement of the cav-
ity state with the qubit. In simple terms, a single qubit
measurement is (1 — pp)% QND. We followed the proto-
col described in Ref.[23] for repeated parity measurement
and replaced it with number selective m-pulse. Table
and Fig. [S9 show the measured values for different Fock
states. The elements of the emission matrix represent
the readout fidelities for the ground and excited states
of the qubit, which are influenced by noise from the first
stage JPA. More information on the experimental proto-
cols used can be found in the supplemental material.

We used the backward algorithm (Eq. ) 122, [24]
to calculate the probability (P(ng)) that the cavity state
was in the |n + 1) Fock state after the injection of a syn-
thetic DM signal. The algorithm takes a set of N+1 mea-



sured readout signals (Rg, Ry, ..., Ry) as input, where
ng = n + 1 represents the target Fock state and nj can
take on values in the range [0,n,n + 2,...].
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In the reconstruction process, all possible scenarios are
taken into account. For instance, a readout measurement
of G followed by £ could happen due to the successful de-
tection of the cavity in the |n 4 1) state with a probability
of PpyngPygFese/2. On the other hand, it could also be
caused by either a qubit heating event (P, PyeFee/2)
or a readout error (P PygFye/2). The data in Fig.
b) illustrates the results of the measurement of the
readout signals and the reconstructed initial probabilities
of the cavity state. The panels on the left show instances
when there was no emission event, while the panels on the
right depict cases where a positive emission event took
place. The cavity state shifted from |1) to |2) as a result
of a variable displacement drive D(«a), and the change
was accurately reflected in the reconstructed probability.
The reconstructed cavity state probabilities undergo
a likelihood ratio test (A = %) to determine if
the cavity state changed or not. A positive detection
of a photon signal |n) — |n+ 1) is declared when the
threshold A > A¢hresn. The false positive rate is limited
to less than ﬁ as a result of this procedure. A
higher detection threshold can be achieved by increasing
the number of repeated measurements, but at the cost
of decreased efficiency which is linear in the number of
measurements. Hence, Ainresn 18 chosen to strike a bal-
ance between the detection efficiency and the false posi-
tive rate, keeping it below the observed physical photon
background. This will be discussed further in the next
section.

H. Elements of hidden Markov model

The hidden Markov model relies on independent mea-
surements of the probabilities contained in the transition
and emission matrices. The elements of these matrices
depend on the parameters of the experiment and the de-
vice, including the lifetimes of the qubit and cavity, qubit
spurious population, and readout fidelities.

Transmission matrixz elements

The transition matrix captures the possible qubit (cav-
ity) state changes. Qubit relaxation |e) — |g) occurs
with a probability PY, =1 — e~tm/Ti  The probability
of spontaneous heating |g) — |e) of the qubit towards its
steady state population is given by PgTe = ﬁq[lfe’tm/qu].
Unlike a two-level system such as a qubit, the cav-
ity state may change from |n) — |n’) via either decay
(|ny — |n — 1)) or excitation (|n) — |n + 1)) with proba-
bilities Py, 1 = 1—e~ /Tl or P, 11 = fie[1—e " tm/T1]
respectively. The lifetime of the Fock state is modified

due to the enhanced decay [14] (17" = T} /n) as com-
pared to the bare lifetime of a coherent state (see Supp
Fig. . Yet another possible source of change in the
cavity state is the repeated qubit measurement itself. In
most cases, we assume the interaction between the qubit
and cavity to be QND, i.e., the measurement of cavity
state by qubit does not perturb the state. However, we
measured the QNDness of repeated qubit measurement
for |[n) = 1 Fock state to be 97.4% which corresponds
to a demolition probability pg of 2.6% per measurement
(see Fig. . Hence, we add this term in the transi-
tion matrix. All these probabilities are computed using
independently measured qubit, cavity and readout pa-
rameters described below.

In'g) ~ In’e)  Ing)  |ne)
Pn’n’ng Pn’n’Pge Pn/npge Pn’npgg |n,g>
P Poy Ppin'Pee PuinPey PP, |TLI€>
T =|tn'n'teg fn'n'leec I'm'nleg I'n'nlece
Pnn’ng Pnn’Pge PnnP P, (SS)
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The lifetime of the qubit is determined by applying a
pulse and waiting for a variable time before measuring
the population as shown in Fig. [S6] We map out the
qubit population as a function of the delay time, fit it
with an exponential characterizing the Poissonian nature
of the decay process, and obtain T} = 115 + 10 us.

The dephasing time of the qubit is measured by a Ram-
sey interferometry experiment with a 7/2 pulse, variable
delay, and a final 7/2 with its phase advanced by w,t
where w, is the Ramsey frequency. The phase advance-
ment is implemented in the software. During the variable
delay period, a series of 7 pulses are applied to perform
spin echos and reduce sensitivity to low frequency noise.
We observe a dephasing time of T = 160 + 10 us which
extends to T5 = 236 + 6 us with a single echo sequence.

The storage cavity lifetime is calibrated by perform-
ing a cavity 77 experiment. We use the OCT pulse to
prepare the cavity in a [n) = 1 Fock state, wait for a
variable delay time and probe the cavity state at the end
by Rabi driving the qubit with a resolved w-pulse. The
resultant cavity population is fitted to an exponential to
obtain T} = 1.36 £ 0.02ms as shown in Fig. [S7] To mea-
sure the cavity dephasing time, the cavity is initialized
in a superposition state (a [0) +b|1)) by applying a weak
coherent drive («) such that approximately only the first
two photon states |n) are populated. The contrast in
the signal will be determined by the relative amplitude
(%) without any loss of information. After a variable
delay time, an identical displacement drive with its phase
advanced by w,t is applied before probing the |n) = 0
with a resolved m-pulse on the qubit. The oscillations are
fitted to obtain a dephasing time of 75 = 2.39 £ 0.02 ms.

The qubit spurious population is determined by mea-
suring the relative populations of its ground and excited
states [25]. This is done by utilizing the f-level of the
transmon. Two Rabi experiments are conducted swap-
ping population between the |€) and |f) levels. First, we
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FIG. S6. Qubit lifetime and dephasing time measure-
ment. (Top) 71 measurement by sending a mw-pulse to excite
the transmon to |e) state and monitor its decay as a func-
tion of variable delay time. By fitting an exponential func-
tion to the qubit excitation probability P., we extract the
Ty =115+ 10 us. (Bottom) 75 measurement with a Ramsey
experiment. The sequence consists of two m/2-pulse sepa-
rated by a variable delay time. The envelope of the measured
oscillations informs the 75 = 236 £ 6 us and its frequency
provides us the detuning between the drive and the transmon
resonance frequency. In this case, we intentionally introduced
a 60 kHz synthetic detuning.
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FIG. S7. Storage cavity lifetime and dephasing time
from T; and Ramsey measurements. The long lived
storage cavity mode is ideal for holding a signal photon in-
duced by the dark matter while a series of repeated photon
counting measurements is performed.

apply a mge pulse to invert the qubit population followed
by the |e) — |f) Rabi experiment. Second, no m, pulse
is applied before the ef Rabi oscillation. The ratio of
the amplitudes of the oscillations gives us the ratio of
the populations of the excited and ground state. Assum-
ing that P(g) + P(e) = 1 and measuring 553 = 0.02,

corresponds to an effective qubit temperature of 54 mK.

In a dispersive interaction, we assume that the mea-
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FIG. S8. Decay rate of Fock states. Measured lifetime of
the different Fock states prepared in the cavity using GRAPE
pulses. The decay rate is inversely proportional to the lifetime
(I' =1/T1). The curve shows enhancement in the decay rate
as a function of the Fock state |n). The linear fit to the data
fits well as predicted by |26|, where 77" = T1/n.

surement of cavity state via a parity or number resolved
m-pulse does not perturbed the state i.e. it is a quantum
non-demolition (QND) measurement or in other words,
does not induce additional relaxation in the cavity mode.
However, a recent study has shown that parity measure-
ments, while highly QND, can induce a small amount of
additional relaxation [23|. Hence, in order to estimate the
same, but, in the context of number resolved qubit mea-
surement, we follow the method described in [23], where
we perform a cavity 77 experiment interleaved with vary-
ing number of repeated number resolved qubit measure-
ments during the delay time. In that experiment, the
total relaxation rate was modeled as a combination of
the bare storage lifetime 75 and a demolition probability
pa associated with each qubit measurement. In Fig. [S9]
we show the extracted total decay time (7iot) and de-
molition probability pg = 2 + 0.02% when the cavity is
prepared in |n) = 1 Fock state. In other words, a single
number resolved qubit measurement is 98% QND. Unfor-
tunately, for |n) = 2, pg = 440.04% gets worse, which is
not a good sign but probably explains why the detection
efficiency in Fig. [3] falls off at higher Fock states. This
acts like an additional source of loss to the cavity mode
but only when the resolved m-pulse is on resonance with
the shifted qubit frequency.

[n) | 7s(1s)| Pa | Tpa

[1)| 1360 |0.026{0.002
[2)| 660 |0.040|0.004
[3)| 527 |0.10 | 0.05
[4)| 319 |0.074[0.012

TABLE S1. Demolition probability. Measured lifetime of
the different Fock states and their fitted demolition proba-
bility with error bars. pq can be approximated with a linear
dependence on n.
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FIG. S9. QNDmness of storage cavity measurement.
Storage cavity 71 measurements were performed with re-
peated number resolved qubit measurements interleaved dur-
ing the delay time with a variable repetition interval time
Trep- LThe extracted total decay time was fit to a model
1/Ttot = 1/7s 4+ pa/Trep- From the fit (red line), we infer a
demolition probability per readout of p; = 2.6% correspond-
ing to a QNDness of 97.4%, which is a bit lower than reported
for a parity protocol . The natural decay time of the stor-
age Ts = 1360 us is indicated by a dashed grey line.

Emission matriz elements

In order to characterize the emission matrix it is nec-
essary to measure the readout infidelity of a particular
transmon state. We consider only two possible trans-
mon states (|g),|e)) in this case as the number resolved
m-pulses have very narrow spectral width (o, < «y).
Each state is prepared 20,000 times and the resultant
quadrature values are digitized to assign a voltage in the
(I — @) space. The phase of the readout pulse is pre-
calibrated to align the signal along the I axis. The his-
togram corresponding to each state is fitted with a sum
of two Gaussian functions to estimate the overlap region
and calculate the readout fidelity, F = 97% (Fig. [S10).
A discriminator value (red dashed line) is used to assign
each readout signal either G or £ in real-time.

G &
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Readout errors are due to voltage excursions from am-
plifier noise or spurious qubit transitions. The emission
matrix should only contain readout errors that occur due
to voltage fluctuations. Errors due to qubit transitions
during the readout window are accounted for in the tran-
sition matrix. To disentangle the two contributions, we
subtract the readout errors caused by the spontaneous
heating and decay of the qubit to obtain F,g = 97.5 + 1%
and F.e = 96.8 £ 1%.

I. Detector characterization

To characterize the detector, the cavity population is
varied by applying a weak drive and the cavity photon

80

40

FIG. S10. QND readout of the transmon state. (Top)
shows the two quadrature values of the down-converted read-
out signal for qubit prepared in |g) and |e) state. Each state
preparation contains 20,000 single shot points. (Bottom) By
fitting a sum of two Gaussian we can estimate the overlap
region and assign a single-shot readout fidelity as F = 97%.
The red dashed line shows an optimal value of the threshold
for tagging a qubit state based on a single shot readout.

Device Parameter Value

Qubit frequency wq = 27 x 4.961 GHz
Qubit anharmonicity og = —27 x 143.2 MHz
Qubit decay time Ty =115+ 10 us
Qubit dephasing time T =160 4 10 us
Qubit echo time T3 =236 £6pus

Qubit residual occupation n, =241 x 1072
Storage frequency ws = 27 X 5.965 GHz
Storage decay time TP = 1360 £ 23 us

Storage dephasing time T5 = 2390 £ 286 us
Storage-Qubit Stark shift —y = —27 x 1.285 MHz
Storage residual occupation 7. = 6.3+ 3 x 1073

w, = 27 x 7.790 GHz
2¢¢ = —27 x 1.53 MHz
Fy,6 =975+ 1%

F.e =96.8+ 1%

Readout frequency
Readout |e) shift
Readout fidelity (|g))
Readout fidelity (|e))

TABLE S2. Device parameters. Measured qubit, storage,
and readout cavity parameters. These independently mea-
sured values are necessary to determine for the transition and
emission matrices. This enables the hidden Markov model to
capture the behavior of the system during the measurement
sequence.

number is counted using the technique described in the
main text. In order to extract the efficiency () and false
positive probability () of the detector, the relationship
between injected photon population (fiinj) and measured
photon population (fimeas) is fit t0 fimeas = 7 X Minj + 9.



Detector efficiency

The detector efficiency and false positive probability
is determined at varying thresholds for detection A¢hresh-
As the detection threshold is increased, more repeated
number resolved qubit measurements are required to de-
termine the presence of a photon. This suppresses false
positives due to qubit errors but also leads to a decrease
in the detector efficiency as events with low likelihood
ratio are now rejected. Also, the maximum achievable
likelihood ratio decreases with the Fock state prepared
in the cavity. Hence, we decided to keep the false posi-
tive probability same for comparing different Fock states
at the expense of detection efficiency. In Fig. we
observe a decrease in detection efficiency for higher Fock
states which can be explained by the higher decay and de-
molition probability to achieve the fixed likelihood ratio
threshold used for the comparison. For example, consider
the |n = 5) Fock state. During the course of 30 repeated
measurements, it is 1.6 times more likely to decay than
the |n = 1) Fock state. In addition, the higher demoli-
tion probability 0.074 for |n = 4) makes it more difficult
to achieve high likelihood ratio since this photon state
only persists for the first 14 quasi-QND measurements.
We performed a single photon counting experiment [11]
to determine the occupation number of the background
photons in the cavity (Fig. [S11]) and chose the threshold
such that ﬁ < ¢ = Athresh = 10%. This measured
background translates into a metrological gain of 11.0dB
below the SQL.
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FIG. S11. Photon counting to measure the cavity back-
ground. Repeated parity measurement technique followed
from [11] to measure the real photon occupation in the cavity
Ag = 6.23 - 1073 with detector based errors less than 1078,

A.  Cavity backgrounds

The number of events which cross A¢presn for cavity
prepared in different Fock states are not same, and are
subtracted from the a # 0 events to demonstrate the
enhancement effect. The number of such events are listed
in the table below and are similar to the false positive
probability from the fits in Fig. |3l The number of counts

are corrected for the detection efficiency to reflect the
actual counts. There is no reason to expect the number
of counts would increase with n and we include them
in the systematic uncertainties while conducting a dark
photon search. In an independent dataset, we observe a
similar number of counts as reported in Fig. [4

1) | Niviats | Noked| %
0y[114915] 23 [0.020
1) |111601| 315 |0.282
12)113364| 60 |0.053
14 [108626] 827 |0.761

TABLE S3. Background counts. Number of background
counts Npkea reported for cavity initialized in different Fock
states out of Nirials.

J. Converting background counts to dark photon
exclusion

As described in the main text, for a coherent source we
expect the signal rate to be proportional to the term ag.
We will derive the expression and compute the kinetic
mixing angle which corresponds to ag. See Supplemen-
tary Section in Ref. [11] for discussion about dark matter
induced signal.

Kinetic mixzing angle exclusion

For a dark matter candidate on resonance with the
cavity frequency (mpumc? = hw.), the rate of photons
deposited in the cavity prepared in a Fock state |n) by
the coherent build up of electric field in time 7 (7 <
T¢,QpmMm/v) is given by:

dNyp  Uw, 1E*V1 1, LGV 1
it~ 7 2w r o 2lomn DTS
(S5)

The stimulated emission factor appears via the enhance-
ment of magnitude of the electric field generated inside
the cavity. The volume of the cavity is 34.5 x 0.5 X
2.5cm? = 43.13cm>. G encompasses the total geometric
factor of the particular cavity used in the experiment.
This includes a factor of 1/3 due to the dark matter
field polarization being randomly oriented every coher-
ence time. For the lowest order mode of the rectangular
cavity coupled to the qubit with E = (7%)(7)z the ge-
ometric form factor is given by:

1 |faVE.]?  12° (s6)
3v [av|E,)*? 37!

The dark photon generated current is set by the density
of dark matter in the galaxy ppy = 0.4 GeV /em? = 27 x
9.67 x 10'9 GHz/cm3:

T3 = 2¢2m* A" = 2°m? ppy (S7)



where € is the kinetic mixing angle between the dark
photon and the visible matter. Substituting Eq. [S7] into
Eq. [Sh yields the signal rate of photons deposited in the
cavity by a dark photon dark matter candidate:

dt

= (n+ 1) poumpuGVT (S8)

The total number of photons we expect to be deposited is
determined by the photon rate and the integration time
(Nirials 7) for each Fock state:

dNup
dt

Nup = X T X Nirials

= (n+ 1)€ppmmpMmGV 7 Nisials - (S9)

Comparing the first term in Eq. [d] we can rewrite the

terms to obtain €2 = —%
poMmDMGV

A.  Calculating 90% confidence limit

Expt. Parameter C] oo
am 1.9 x 103(s72) 0, = 9.807 x 10°(s72%)
W 5.965 GHz 0w, = 25Hz
Qs 5.11 x 107 0o, = 1.4 x 10°
|4 43.13 cm? oy = 1.2cm3
G 0.002 o¢ = 0.0002

TABLE S4. Stimulated emission experimental param-
eters. Systematic uncertainties of physical parameters in the
experiment must be incorporated in determining the excluded
dark photon mixing angle €. The uncertainty in the dark
photon (HP) conversion is determined in the previous sec-
tion. The storage cavity frequency uncertainty is obtained
by Ramsey interferometry. The quality factor of the cavity
is given by Qs = wsT}{ so the uncertainty is calculated as
0o, = (wSJTls)2 + (Tf0.,.)%. The volume uncertainty is es-
timated by assuming machining tolerances of 0.005 inches in
each dimension. The form a factor uncertainty is estimated
from assuming 1% error in the simulated structure. Of the
experimental quantities, the DP conversion has the largest
systematic uncertainty.

By estimating the strength of the coherent drive in
the absence of an external drive and the measured back-
ground counts for different Fock states, we perform a
dark photon search. We determine the dark photon mix-
ing angle e that can be excluded at the 90% confidence
level by using standard error propagation formula. We
determine the standard deviation on € given, we have the
error estimates for all the parameters tabulated above.

We perform an ordinary least square (OLS) fit to the
measured counts, and extract the fit parameters with
their uncertainties tabulated in Table The values
of fit parameters obtained from performing a Maximum
Likelihood Estimate (MLE) were comparable. The large
statistical uncertainties on ag are due to the fact that
the other two terms dominate the measured counts and

fluctuations causing ag to swing up and down by a large
amount.

Fitted Parameter © oo
ag (s72) 1.9 x 10®  7.662 x 10°
b(s™1) —7.26 4.2 x 10
Co 3.402 x 1074 4.292 x 10™*
c1 1.419 x 1073 4.0 x 1074
C2 5.860 x 10~* 4.222 x 10~*
c4 7.330 x 1073 6.732 x 104
TABLE S5. Fitted parameters. Best fit and statisti-

cal uncertainties corresponding to each source of background
counts. The Fock state with higher background counts have
larger ¢ value indicating that the source of counts is related
to the state preparation step and thus, it is valid to perform
a background subtraction to demonstrate the enhancement
technique. For 7 = 20 us and Niriais ~ 20,000, all three terms
in Eq. contribute roughly equally to the counts observed

in Fig. [4

The estimated value of g = 1.6 x 10715 4+3.30 x 10713,
dominated by the error on ag. We can now set the
90% confidence limit on the kinetic mixing angle term
as €99% = ¢, 4+ 1.280, = 4.24 x 10~!3. This leads us to
exclude, with 90% confidence, dark photon with mixing

angle €?9% greater than 4.24 x 10~!3 as shown in Fig.
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FIG. S12. Fock state preparation with non-zero occu-
pation in the cavity. Measuring the Fock state preparation
probability as a function of initializing the cavity with vary-
ing occupation before the OCT pulses. Red dashed line corre-
sponds to the maximum tolerable injected number of photons
where the fidelity changes significantly.

K. Dark photon parameter space exclusion

A dark photon candidate that could result in more
detector counts than background counts is constrained
by the cavity occupation number which degrades the fi-
delity of Fock state preparation in the cavity by a signif-
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FIG. S13. Excluded € with m,,. Shaded regions in the dark
photon parameter space of coupling (¢) and mass (m,) are
excluded with 90% confidence. The horizontal extent is set
by the bandwidth of the number resolved qubit 7-pulse which
is insensitive to any drive outside the band. The vertical limit
is set by the minimum e which would result in dark photon
rate greater than the value which would degrade the fidelity
of Fock state preparation significantly.

icant amount. In order to estimate the same, the cav-
ity is prepared with varied number of mean photons be-
fore applying the the OCT pulse. The resultant state
is measured with the same procedure as the stimulated
emission protocol to compute the fidelity. We observe
that the fidelity changes significantly when the mean in-
jected photon number goes above 1 > 0.05 shown by the
red dashed line in Fig. The maximum number of
photons sourced from the dark photon which is tolerable
before the state preparation is out of control. In prin-
ciple, we can exclude any value of € which is above the
red curve as it will break the first step of the stimulated
emission experiment.

The above calculations assume an infinitely narrow
dark matter line. To obtain the excluded region of the
dark photon kinetic mixing angle, we must account for
the lineshape of the dark matter [27]. We convolve the
dark matter lineshape, characterized by Qpn ~ 10°, to
obtain the region shown in Fig.

L. Outlook

The storage cavity contain an infinite set of discrete
resonances each with a unique coupling to the dark mat-
ter. We focus only on the lowest order cavity mode that
has a non-zero coupling to the dark matter as well as the
qubit. In principle, the interactions between any modes
and the dark matter could result in additional sensitiv-
ity to the dark photon. This would require the mode of
interest to have a sufficiently large geometric form factor
as well as a resolvable photon number dependent qubit
shift. Future dark matter searches could employ struc-
tures with multiple resonances to enable multiple simul-
taneous searches [13].

Further advancements could be achieved by utilizing
a system with a higher Q value and reduced demolition

probability. By combining weakly coupled qubits with
the Echoed Conditional Displacement (ECD) technique
[18], Fock states can be prepared with high fidelity while
also keeping the demolition probability low. Addition-
ally, a detector with reduced errors from factors such as
thermal population and readout fidelity would also im-
prove the results.
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