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We demonstrate a transmon-qubit readout based on the nonlinear response to a drive of polaritonic
meters in situ coupled to the qubit. Inside a three-dimensional readout cavity, we place a transmon
molecule consisting of a transmon qubit and an ancilla mode interacting via nonperturbative cross-Kerr-
coupling. The cavity couples strongly only to the ancilla mode, leading to hybridized lower and upper
polaritonic meters. Both polaritons are anharmonic and dissipative, as they inherit a self-Kerr nonlinear-
ity U from the ancilla and effective decay « from the open cavity. Via the ancilla, the polariton meters
also inherit the nonperturbative cross-Kerr-coupling to the qubit. This results in a high qubit-dependent
displacement 2 > «, U that can be read out via the cavity without causing Purcell decay. Moreover, the
polariton meters, being nonlinear resonators, present bistability, and bifurcation behavior when the prob-
ing power increases. In this work, we focus on the bifurcation at low power in the few-photon regime,
called the mesoscopic regime, which is accessible when the self-Kerr and decay rates of the polariton
meter are similar, U ~ «. Capitalizing on a latching mechanism by bifurcation, the readout is sensitive to
transmon-qubit relaxation error only in the first tens of nanoseconds. We thus report a single-shot fidelity
of 98.6% while having an integration time of 500 ns and no requirement for an external quantum-limited

amplifier.
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L. INTRODUCTION

Qubit-state readout is a mandatory step in quantum
information processing. For superconducting circuits, dis-
persive readout is the standard scheme [1,2]. It relies on
the transverse interaction between an anharmonic mode,
whose first two levels are used as a qubit, and another
mode, usually harmonic, used as a meter [3,4]. This trans-
verse interaction couples the qubit polarization to the meter
field quadrature and hybridizes the qubit with the meter.
In perturbation theory, the resulting dispersive interaction
(or perturbative cross-Kerr-coupling) corresponds in first
order to an energy-energy interaction where the qubit state
shifts the meter frequency and, reciprocally, the number
of photons in the meter shifts the qubit frequency. When
applying a coherent pulse close to the meter frequency for
a time smaller than the relaxation time of the qubit 7, the
qubit state is inferred by distinguishing, in phase space of
the acquired output field, the two pointer states of the meter
corresponding to the qubit excited or ground states.
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Using this dispersive readout, single-shot readout with
high fidelity is nowadays routinely achieved, notably
thanks to the quantum-limited Josephson parametric
amplifier (JPA) [5]. However, the dispersive interaction
contains intrinsic limitations, due to the higher-order cor-
rections in perturbation theory. The qubit states are slightly
dressed by the meter states, which leads to Purcell decay
[6] and prevents an ideal quantum nondemolition (QND)
readout [7,8]. In addition, unwanted effects for the read-
out, such as relaxation and excitation rate of the qubit, can
increase with readout photon number 7 [9—13].

To overcome these limitations, a nonperturbative cross-
Kerr-coupling between the qubit and the meter has been
proposed [14,15] and demonstrated thanks to the property
of a transmon molecule [16—19] achieving high fidelity and
QND single-shot readout of a transmon qubit [19]. This
result was realized through a polariton meter in its linear
regime, whose signal was amplified through an external
JPA.

Alternatively to JPA, superconducting qubit readout can
also be performed using a Josephson bifurcation amplifier
(JBA) [20-22]. The JBA is a nonlinear pumped resonator
such as the JPA, but it is pumped at a different working
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point, where it presents a nonlinear amplification relation-
ship between its input amplitude and output amplitude,
leading to two stable states of small and large output
amplitude for input signal below and above the bifurcation
threshold, respectively. The information on the qubit state
is then encoded into those two output states. In addition,
the bifurcation presents hysteresis, leading to a latching
readout. The JBA dynamics is controlled by the detun-
ing between the nonlinear resonator and the pump, the
resonator losses k, and its anharmonicity U. A same-chip
implementation allows a direct coupling between the qubit
and the JBA, with an in sifu amplifying bifurcation, greatly
increasing the quantum detection efficiency [20,22-27].
Here, we propose a readout based on bifurcation ampli-
fication of the in sifu nonlinear polariton meter.

Up to now, bifurcation readout has been realized in
the weak anharmonicity limit U < « in which the bista-
bility regime is achieved when the photon number 7
in the nonlinear resonator exceeds the critical number
Nerit = K/ (3/3U) > 1 [28,29]. However, this large pho-
ton number, needed to reach bistability and thus bifurca-
tion, exposes the qubit to excess backaction of the non-
linear cavity [28-32] like inducing qubit-state transitions
and thus rendering the readout not QND. Instead of the
usual classical regime of weak anharmonicity and large
photon number (U < k, Ngit > 1), the excess backaction
on the qubit could be weakened in the mesoscopic regime
(U ~ k, Ngit ~ 1) where bistability appears with photon
number close to unity, 7 = Ngie ~ 1. This little-explored
regime is in between the classical regime and the quantum
regime (U >> k, Ngit < 1), where the system behaves as
an effective quantum few-level system [33-35].

In this paper, we demonstrate a transmon-qubit-state
latching readout using an in situ bifurcation of a polari-
ton resonator in the mesoscopic regime. The polaritons are
superpositions of the harmonic cavity mode and the anhar-
monic ancillary mode of the transmon molecule. They
result from the strong coupling and hybridization between
them. Both polariton modes inherit the nonlinearity of the
ancilla mode, so they effectively behave as two nonlinear
Kerr resonators exhibiting bistability [36—39]. By adjust-
ing the ancilla frequency through an external magnetic
flux, we control the hybridization and, consequently, the
anharmonicity and dissipation of each polariton.

In Sec. II, we discuss details of the transmon molecule,
the ancilla-cavity hybridization, the resulting polariton
modes, and their tunability. Contrary to our previous work
[19], where we considered the linear regime with 7 << Nt
and N > 1, here we investigate the nonlinear regime
of the polaritons at large occupation 7 = Nt ~ 1. The
polariton’s response to a strong drive and its dependence
on the qubit state are detailed in Sec. III. The hysteretic
bistability behavior of the nonlinear upper polaritonic
meter is analyzed in Sec. IV. Finally, in Sec. V, we
take advantage of this bistability to perform a latching

readout of the qubit state with a high single-shot fidelity
and without any external quantum-limited amplifier.

II. TUNING THE ANCILLA-CAVITY
HYBRIDIZATION

A. Transmon molecule in a cavity

We use the same sample as in Ref. [19]. It consists
of a three-dimensional (3D) cavity containing a trans-
mon molecule which is made by coupling inductively and
capacitively two nominally identical transmons [16,19]
[see Fig. 1(a) and Appendix A]. The device has three
modes of interest, namely, the harmonic TEo; mode ¢ of
the rectangular 3D copper cavity with frequency w./2m =
7.169 GHz, and the two orthogonal modes of the transmon
molecule (for more details see Appendix B and Ref. [19]):
(1) a qubit mode, with parameters of standard transmons,
protected from interaction with the 3D cavity mode thanks
to its symmetric profile, and (ii) an ancilla mode, with weak
(~ MHz) anharmonicity and strong interaction to the cav-
ity g, due to its antisymmetric mode profile. Indeed, the
cavity electrical field is aligned with the field of the ancilla
mode while being orthogonal to the field of the qubit mode.

The ancilla is approximated as a weakly nonlinear mode
a with frequency w, tunable by magnetic flux and self-Kerr
rate U,. Moreover, approximating the multilevel trans-
mon as a qubit 6, the total system Hamiltonian including
cavity, ancilla, and qubit reads

IA{ (l)q ~ At A ’\TA Ua ATZAZ A At
E:;o}—l—waaa—l—a)ccc—?a a —g;o.a'a
+ ge(@a+a'e). (1)

The qubit 6, with frequency w,/2m = 6.283 GHz and
coherence times 75,7 >~ 3 s is coupled to the ancilla
mode a via a nonperturbative cross-Kerr-coupling with
rate g;,. The nonperturbative nature of this coupling allows
one to maximize the speed, the single-shot fidelity, and the
QND properties of the readout, while minimizing the effect
of unwanted decay channels such as the Purcell effect [19].

B. Ancilla-cavity hybridization leading to polaritons

To use this coupling for reading out the state of the qubit,
we strongly hybridize the ancilla and the cavity by setting
their detuning A,. = w, — w. to values comparable to or
smaller than their transverse coupling g,./27 = 295 MHz.
At this operation point, |Ag.| < g4, this hybridization
leads to two new normal modes called upper and lower
polariton modes, ¢, and ¢;, respectively for the higher
and lower in frequency. They are a linear combination of
ancilla and cavity fields [see Figs. 1(a) and 1(b)]. They
are given by a rotation ¢, = cos(f)a + sin(0)¢, and ¢; =
cos(6)¢ — sin(f)a, where the cavity-ancilla hybridization
angle reads tan(20) = 2g,./A,.. At resonance (A, = 0,
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FIG. 1. (a) Scheme of the setup. The cavity mode ¢ of fre-

quency w, is strongly coupled to an anharmonic ancilla mode of
frequency w, and self-Kerr nonlinearity U,. The ancilla is also
coupled to the qubit via a nonperturbative cross-Kerr-coupling
of rate g,.. To perform readout, we send a coherent signal on
the input of the cavity mode ¢, and measure the transmit-
ted cavity output field Coy. (b) Representation of the system
in terms of cavity-ancilla polariton modes. Lower and upper
polariton modes have distinct frequencies w; and w,, respec-
tively, as well as different self-Kerr nonlinearities U; and U,
inherited from the ancilla. Both polaritons are independently
coupled to the qubit via cross-Kerr terms x; and x,, which
allows us to use these polariton modes as direct meters of the
qubit states. The readout can be extracted from the same out-
put field ¢,y due to the polariton leakage rates «; and «,,. (c)—(e)
Measurements (dots) and predictions (lines) for lower polariton
j =1 (orange) and upper polariton j = u (purple) as functions
of the hybridization angle 6 of (c) the nonperturbative qubit-
polariton cross-Kerr yx;, (d) the self-Kerr Uj; and interpolariton
cross-Kerr U, (green), and (e) the polariton decay rates ;.
The predictions are calculated from the polariton model in Egs.
(2) and (3) using initial parameters g.., U,, k., and k, and
plotted as black lines in panels (c)—(e), respectively. (f) Normal-
ized self-Kerr polariton nonlinearity Uj; /k; versus normalized
qubit-polariton cross-Kerr-coupling 2x; /«; for lower and upper
polaritons. In panels (c)(f), the working points in the present
work and in Ref. [19] are marked by a purple and orange circles,
respectively.

0 = m/4), the two modes are completely hybridized into
equal symmetric and antisymmetric superpositions, while
at large detuning (|Age| > 2ue, 6 — 0), the two normal
modes tend to approach the bare ancilla and cavity modes.

In terms of these polariton modes and using the rotating-
wave approximation, the total Hamiltonian takes the form

H o Uj 42,2

p _ %Yq ATA A AT A JJ AT A

? = 70’2 — E chjchZ + E (l)jCjCj — 7 j Cj
j:u’l j=u,l

— Ugele@ie,, )

where w, = sin®(0)w. + cos?(0)w, + sin(20)g.e and w; =
cos2(8)w, + sin®(0)w, — sin(26) g are the frequencies of
the upper and lower polariton modes, respectively. Each
polariton mode is in some proportion cavitylike and there-
fore can be probed in transmission and used for readout.
Similarly, each polariton is also ancillalike and thus inher-
its nonlinearities from the ancilla, notably the nonpertur-
bative cross-Kerr-coupling to the qubit. The correspond-
ing interaction strengths read x, = g..cos’>(9) and y; =
g.- sin(0), for the upper and lower polariton, respectively.

Each polariton also inherits an anharmonicity from the
ancilla given by Uy = sin*(0)U, and U, = cos*(9)U,.
They also acquire a cross-anharmonicity or cross-Kerr
interaction U,; = sin®(20) U, /2, a coupling similar to the
dispersive interaction that still occurs even beyond the dis-
persive regime [40]. Finally, the polaritons have effective
decay rates given by a combination of the bare ancilla «,
and cavity k. decay rates as (cf. Appendix C)

Ky = K¢ sin?(0) + Kk, cos>(0),
3)

K1 = K. c0s>(0) + kg sin®(0).

C. Tuning hybridization

The ancilla can be tuned at discrete frequencies inde-
pendently of the qubit and cavity. This is possible because
the transmon molecule possesses two superconducting
loops of different sizes with a high area ratio of 26 (see
Appendixes A and B). Using one external coil, we can
thus tune with a step precision of @ /26 the flux determin-
ing the ancilla frequency while the loop defining the qubit
frequency still experiences an integer value of flux quan-
tum . This allows us to tune the hybridization conditions
and thus the different parameters in Egs. (2) and (3). We
extracted these parameters [see Figs. 1(c)-1(f)] as func-
tions of the hybridization angle by measuring at different
flux points.

The nonperturbative cross-Kerr-couplings x; and y,, are
well fitted by a bare qubit-ancilla cross-Kerr-coupling
2../2m = 34.5 MHz [Fig. 1(c)]. The polariton’s self-Kerr
and cross-Kerr-couplings Uy, U,,, and Uy, are well fitted
with the polariton model with a bare ancilla anharmonicity
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U,/27 = 13.5 MHz [Fig. 1(d)]. The polariton decay rates
are only qualitatively fitted by the polariton model [Fig.
1(e)] with bare cavity and bare ancilla decay rates k. /2w =
12.7 MHz and «,/27 = 5.6 MHz. Discrepancies may be
explained by the fact that the bare ancilla decay rate can
vary with its frequency due to the presence of other losses
like fluctuating two-level systems, or that there is resid-
ual parasitic transverse coupling between the ancilla and
cavity with the qubit (see Ref. [19]).

Thanks to the hybridization tunability, we can set differ-
ent regimes [Fig. 1(f)] for the polariton meters to read out
the qubit. In Ref. [19], we focused on the linear response
of the lower polariton, which presents a small self-Kerr
U/k = 0.017 at the moderate drive 7 =~ 2 < Ng;j. This
linear regime is obtained at the zero flux point (®/ Py = 0)
where the lower polariton is mostly cavitylike. In this
work, we focus on a different regime where the anhar-
monicity is comparable to dissipation (U ~ «). This is
obtained for the upper polariton at ®/®; = 5 when the
ancilla is close to resonance with the cavity (|As| < gac)-
The hybridization is close to maximum, the upper polari-
ton inherits from the ancilla an anharmonicity U, /27w =
6.5 MHz, and has a loss decay «,/27 = 7.6 MHz. At
this working point, the cross-Kerr-coupling to the qubit is
the dominant parameter, with x, /27 = 24 MHz. All other
parameters for these two flux points are summarized in
Table 1.

III. QUBIT-DEPENDENT POLARITONS
RESPONSE

At time scales much shorter than the qubit’s lifetime,
t K Ty, the qubit state remains static in our setup and its
main effect is to induce a qubit-dependent shift on the
ancilla frequency as

W, —> 67)((;7) = Wyg — gzz<6z>n5 (4)

where (6.), = +1 when the qubit is prepared in the excited
state = e and (6.); = —1 when the qubit is in the ground
state n = g. In terms of polaritons [Eq. (2)], this translates
to a similar qubit-dependent shift on each polariton mode
j=ulas

o = w; — X {02)n, ()

as well as to a change in the hybridization angle as 6 —
arctan[2g,./ (@2 — we)]/2.

w —> o

TABLE L.
corresponding to the present working point.

To observe this qubit-dependent shift on the polaritons
experimentally, we drive the cavity with a coherent field
(Cin) = i(Qe/J/Ke)e ™" of frequency wy and amplitude
Q.. We then perform homodyne detection at the transmis-
sion output of the cavity (Cout)y, = +/kc(C),, Which contains
information of the qubit state = g, e and of the polaritons
as (Cout)y = +/Ke(sin(B)(c,), + cos(8)(¢;),). The experi-
mental results are shown in Fig. 2(a), where we display
the average pointer distance,

Deg = I(eout)e - (Eout)glv (6)

as a function of drive frequency w,; and power Pj,, which
relates to the amplitude as Q. = /k.Pj,/hwy. For this, we
integrate over a 500-ns square readout pulse after prepar-
ing the qubit in its excited state ({Cout)e) OF in its ground
state ((Cout)g) by applying a 30-ns square 7 pulse or not.
The input power y axis Py, is calibrated knowing the room-
temperature power and the attenuation in the input line.
The color bar of D,, is calibrated knowing the gain of the
output line. For both calibrations of the input and output
line, we assumed the calibrations to be flat in frequency,
which is true in our frequency window up to 1 dB.

As a first approximation, we consider both polaritons
independent by neglecting their mutual coupling U,,. It
is thus possible to find a simple semiclassical model that
properly describes our measurements up to moderate pow-
ers. When reaching a quasisteady state 1/k. < t < T},
the polariton amplitudes are solutions of the nonlinear
equations (cf. Appendix C),

A

—iQ.
(cj)r] = 4

/2 — (g — & + Uy [(&),17)

@

with effective polariton driving strengths €2, = sin(9)<2,
and ; = cos(#)L2.. For very weak driving, we can fur-
ther neglect the term Uj; in Eq. (7) and obtain the stan-
dard Lorentzian line shapes. In this linear regime (P, <
—112 dBm), we observe four peaks in D,, at the qubit-
dependent polariton frequencies @9 = w, + x, = 27 x

7.599 GHz, w,“—w,+x,—2nx6963 GHz, & =

Wy, — Xu = 27 x 7.552 GHz, and a)(g) =w;— ;=27 X
6.942 GHz, which can be resolved due to the large cross-
Kerr shifts 2, 2 «;

The agreement between measurement and model (7)
can be observed in Fig. 2(b), where we plot cross sec-
tions of D, for given input powers. As the driving power

Effective polariton parameters at two flux points, /P, = 0 corresponding to the working point in Ref [19] and ®/ Py = 5

/Py /27 Xxi/2m
0 7.0335 GHz 4.5 MHz
D/ D wy /21 Xu/2m
5 7.575 GHz 24 MHz

Kk1/2m Uy/2m 0
11.8 MHz 0.2 MHz 0.384 rad
Ku/27T Uuu/zﬂ é
7.6 MHz 6.5 MHz 0.602 rad
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FIG. 2. (a) Measured mean distance D¢, between the two pointer states of the qubit as a function of drive frequency w, and power
Pi,. Horizontal dashed lines are guides to the eyes, indicating different regimes of the system. From bottom to top: linear, nonlinear
with self-Kerr, higher-order nonlinearities, and strongly driven bare cavity regime. (b) Cross sections of D,, versus w; normalized by
their experimental maximum value at fixed drive powers indicated by the arrows. In green, experimental data; in red, theoretical model
in the ancilla-cavity basis [Eq. (8)]; and in dashed purple, theoretical model in the polariton basis [Eq. (7)]. (¢) Computed D‘e}é using the
model in Eq. (8). (d) Decomposition of upper polariton into cavity p. (green) and ancilla p,] (brown) as a function of power P;, when
the qubit is in = g (solid lines) or = e (dashed lines). The proportions p. and p, are computed using model (8) and following the
drive frequency-power line w,(Pj,) indicated by the solid and dashed lines in panel (c), corresponding to the qubit states n = g and

n = e, respectively.

increases, we need to consider the nonlinear term in the
denominator of Eq. (7) and solve it self-consistently as a
Duffing oscillator equation (cf. Appendix C). As a result,
the polariton frequencies are downshifted due to their
self-Kerr rate by an amount a);") — c?);”) — U |(&),1% as
shown in Figs. 2(a) and 2(b). Above a critical value of driv-
ing strength ., the polaritons enter a bistability region,
as can be hinted at by the sharp wavelike shape of the
spectroscopic cross sections above Pj, = —108 dBm in
Fig. 2(b). Contrary to the case of only one nonlinear res-
onator, here Eq. (7) presents two bistability zones close to
each polariton frequency, similarly to two coupled nonlin-
ear resonators [37]. This bistability region for the upper
polariton is studied in Sec. V.

For the upper polariton, the effective model in Eq.
(7) works well up to Py, < —89 dBm as indicated by
the middle horizontal line in Fig. 2(a), but needs to be
refined at higher power. Indeed, describing a polariton
by a fixed cavity-ancilla hybridization angle is no longer
accurate at high power. As the driving power increases,

the ancilla effectively modifies its frequency as o’ —

d)fl") - Ul(a), |2, which further modifies the hybridization
condition as 6§ — arctan <2gac/(a)fz") —U,l(a), [>—w.)) /2.

To achieve a more complete description of the cir-
cuit, we consider the dynamics in the cavity-ancilla basis.
As shown in Appendix C, we can still neglect quantum
fluctuations, obtaining the following nonlinear system of
equations for the quasisteady-state amplitudes:

[ke/2 — i(wa — wc)]@)n + igac<&>n +iQ. =0,

[ka/2 = i(@q — @ + Ual(@)y|)1(@)y + igac &)y = 0.
®)

We map these equations to a standard Duffing oscilla-
tor polynomial equation of order three (see Appendix C),
which can have two stable solutions and one unstable solu-
tion (or vice versa) depending on the driving frequency
wq/27 and amplitude €2..

In Figs. 2(b) and 2(c) we show the theoretical pre-
diction, which agrees well with the cavity transmission
measurements up to large powers. The model in Eq. (7),
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which considers two independent polaritons, agrees well
with the model in Eq. (8), which includes the coupling
between polaritons, in a wide range of input power, up
to 2 —89 dBm. We conclude that the polariton modes
are nearly uncoupled and thus can be used as independent
meters for the qubit readout. Nevertheless, for calculation
purposes, we will still perform many calculations using the
ancilla-cavity basis in Eq. (8) rather than Eq. (7).

From the numerical simulation of Eq. (8), we
also extract more information about the decomposi-
tion of the polariton modes in terms of cavity and
ancilla components. In particular, we compute for
both qubit states n the cavity and ancilla popula-
tion proportions, p!! = (&), */(1(&),I? + (@), |?) and p; =
[(@)y?/(1(€),|*> + 1(@),]?), along the upper polariton
branch w,; as a function of Pj,. The ancilla-cavity pro-
portions depend on the qubit state as it shifts the ancilla
frequency by 2g... At low power, the upper polariton is
more ancillalike than cavitylike, while it is the opposite
at large power. Effective ancilla-cavity resonance can be

achieved for |(a),,|2 = (c?)f,”) — w.)/U,, where both polari-
tons become 50:50 ancillalike and cavitylike.

At even further input power, branches going to upward
frequencies with input power start to appear in the mea-
surement [Fig. 2(a)]. These features are not captured by
our numerical model. We believe they are due to neglected
higher nonlinear terms in the anharmonic ancilla mode,
like the sixth order, which has an opposite sign to the
fourth-order self-Kerr term. The dynamics become more
and more complex and is beyond the scope of this paper.
However, we find it worthwhile to note that, for a large
enough driving power (P, > —75 dBm in our case), the
system reaches a regime where the polariton physics dis-
appears and the qubit state can be read out close to the
bare cavity frequency w./2m = 7.169 GHz. This behavior
appears to be similar to the quantum-to-classical transition
physics as in Ref. [41] resulting in a destructive readout of
the qubit state. At this high power, the ancilla is effectively
far detuned from the cavity (¢ — 0), and the upper polari-
ton is becoming more and more cavitylike until only the
bare cavity is recovered [Fig. 2(d)].

IV. QUBIT-DEPENDENT UPPER POLARITON
BISTABILITY REGIONS

We now focus on frequencies around the upper polari-
ton mode, and we study the bistability region in detail.
As commented in the previous section, above a certain
driving strength Q4, the nonlinear polariton can have
two stable quasisteady states. When crossing a bistabil-
ity zone (where two stable solutions coexist), the system
presents hysteretic behavior. For a fixed drive frequency,
and a ramp up in amplitude Q.() > 0, the polariton bifur-
cates from a stable low-amplitude output to a stable high-
amplitude output when crossing the point B;’ (wg, Piy) [see

Fig. 3(a)]. Reciprocally, for a ramp down in amplitude
Q.(#) < 0, the polariton bifurcates from a high-amplitude
to a low-amplitude output when crossing a different point
Bg"wn (w4, Pin) < By (w4, Pin). To characterize the bistabil-
ity zone for the upper polariton, we measure the distance,

Dy = (ou)y? — (ou)y™", ©)
which compares the output amplitude (80ut)2p measured
during a 500-ns ramp up with the amplitude (&Om)g"wn
obtained during a 500-ns ramp down. Both amplitudes are

averaged over 2000 realizations. The bistability region is
identified by a nonzero hysteretic signal difference ng #*

0, since, outside this region, we have ng = 0. Remark-
ably, the bistability region of the upper polariton depends
on the qubit state.

In Figs. 3(b) and 3(c) we display the measured Dj;d and
the bistability regions, for the qubit prepared in its ground
state n = g or excited state n = e, respectively. From the
polariton’s point of view, the qubit state shifts the upper
polariton frequency by 2y, and thus the bistability zone
is also shifted by approximately 2 x,. For both qubit states,
the bistability zone and the hysteretic amplitude D,”’d are
well captured by Eq. (8).

V. QUBIT-STATE LATCHING READOUT

We measure the single-shot readout fidelity around the
bistability zones, for the upper polariton, shown in Fig.
3. The results of the readout fidelity as a function of the
frequency and power of the signal are shown in Fig. 4.
We see that, for an amplitude below B’ (region I), the
polariton does not bifurcate up for both qubit states. For
an amplitude above Bg" (region III), the polariton bifur-
cates up for both qubit states. Therefore, for regions I and
III the readout fidelity is close to zero. This is not the case
in region II, where we observe a very high fidelity. Here,
at the beginning of the pulse, the input power is ramped
up and crosses B," but not B;’. The upper polariton thus
bifurcates up only if the qubit is in its excited state |e). Dur-
ing the pulse, the upper polariton will not bifurcate down
as long as the input power does not fall below Bg"W“ or

BYoWn_even if the qubit has relaxed to its ground state |g).
The high-amplitude output state is thus latched as long as
input power is maintained above Bfl"wn even if the qubit
has relaxed. The readout is thus less sensitive to qubit
relaxation error. On the other hand, the readout is still sen-
sitive to |g) — |e) transition error during measurement, for
example, due to thermal excitations.

Using heralding to mitigate state preparation errors,
we measure a maximum readout fidelity of Fro =1 —
[P(elg) + P(gle)]/2 = 98.6% for a 500-ns square pulse.
Here, P(x|B) is the error probability to read state «
when the system was prepared in state §. This fidelity
is obtained at 7.508 GHz drive frequency and —89 dBm
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FIG. 3. Bistability region for the upper polariton mode. (a)

Schematic of the hysteretic behavior. Left: Pulse sequence €2.(7)
for a ramp up and ramp down applied to the cavity. This induces a
bifurcation up (and down) in (Cy)y” (and (Eout)f]"wn), at different
points B,” (and B™™"). Right: Hysteretic signal D%/ is recon-
structed from the output signal during the ramp up and ramp
down. (b),(c) Measurement of the bistability hysteretic signal
Dzd as a function of the input power P;, and frequency wy/2mw
when the qubit is prepared in (b) n = g orin (¢) = e. The color
map corresponds to the experimental data and the contour lines
correspond to the theory in Eq. (8).

input power (see Fig. 4). At this working point, the pho-
ton number of the readout mode is around 7, ~ 0 and
71, ~ 9 when the qubit is |g) and |e), respectively. The error

100

80

20

748 750 752 754 7.56 7.58 @ 7.60
wq /27 (GHz)

FIG. 4. Readout fidelity as a function of power and frequency.
Superimposed are the computed bistability zones for the upper
polariton as shown in Fig. 3. The point of maximum fidelity is
indicated by a black star.

probabilities P(x|B) are obtained by counting the statis-
tic with thresholding from the readout histograms over
10° repetitions where the qubit is prepared either in its
ground or excited state. We extract P(e|g) = 0.9 £ 0.03%
and P(gle) = 1.9 £ 0.05% where the uncertainty comes
from the finite number of repetitions. During the readout
integration time £, = 500 ns, we would expect the qubit
to have relaxed around 1 — e /nt/271 ~ 8% of the times.
However, thanks to the latching bifurcation mechanism,
this error is strongly reduced to around 1 — e~/271 where
tp is the time to bifurcate up to the high-amplitude state,
which is much smaller than the readout integration time
tint-

Assuming #, >~ k, ' =21 ns as a rough estimate, we
thus calculate 0.3% error due to qubit relaxation before
bifurcation within P(g|e). We also estimate 0.1% error due
to overlaps between the two Gaussians corresponding to
each qubit state, 0.4% of heralding preparation error due to
thermal excitations between the heralding and the readout
pulse, and 1% of gate infidelity due to the finite duration of
the 7 pulse and finite coherence time. Within P(e|g), we
estimate 0.1% error due to overlaps between the two Gaus-
sians corresponding to each qubit state, 0.4% of heralding
preparation error due to thermal excitations between the
heralding and the readout pulse, and 0.2% error due to ther-
mal excitation during the readout. The remaining readout
infidelity of 0.15% (0.2% in P(e|g) and 0.1% in P(gl|e))
could be attributed to the wrong bifurcation event due to
noise and uncertainty on the input power of the coherent
drive. We believe this wrong bifurcation event error to be
small thanks to the large shift 2x, /27 = 48 MHz allow-
ing us to work with input power far enough from the B‘;"W“

and B," points. This error could be further suppressed in
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the future by optimizing the driving power and frequency
working point and the readout pulse shape.

The state of the qubit can thus be read out in a
single-shot manner without any external quantum-limited
amplifier. This is accomplished thanks to the qubit-state-
dependent bistability and enhanced by a latching mecha-
nism. Here, this regime is achieved at low photon number
(about 9) and is differentiated strongly from the very high
photon number like in Refs [41,42]. Contrary to the case
of in situ JBA with transverse interaction to the qubit [22,
43,441, here a large readout shift x, > «,, U, is possible
without suffering from Purcell decay thanks to the nonper-
turbative nature of the cross-Kerr-coupling (see Appendix
D for comparison). Using a two-step pulse [43] or shelving
techniques [43,45,46], the errors due to wrong bifurcation
events and relaxation before bifurcation may be reduced
even further. With a readily achievable qubit 7} and 7, ten
times greater than the current sample, the false qubit prepa-
ration and the transitions before bifurcation errors could
be suppressed to 0.1%. Moreover, by adding an external
quantum-limited amplifier, the overlap error can be erased,
and the input readout power further reduced, thus limiting
backaction on the qubit. Taking into account the whole,
readout fidelity beyond 99.9% can be achieved.

VI. CONCLUSIONS AND OUTLOOK

Using a transmon molecule inside a cavity, we investi-
gated transmon-qubit readout based on polariton meters. In
particular, we studied the nonlinear response of polariton
modes to a strong drive leading to a hysteretic bifur-
cation arising from the bistability of the upper polari-
ton. Leveraging this effect, a latchinglike readout with
98.6% readout fidelity has been achieved without external
quantum-limited amplification. This result is obtained in
the mesoscopic regime when the polariton meter’s ampli-
tude is limited to a few photon number. Because of the non-
perturbative cross-Kerr-coupling between the qubit and the
readout polariton modes, the qubit does not suffer from
Purcell decay.

A bifurcation amplifier of the qubit state with a large
readout shift 2y > « without deteriorating the qubit life-
time is thus possible and has been demonstrated. Such
a readout with in situ amplification could reach quan-
tum detection efficiency close to one by optimizing the
techniques presented here. To this end, imperfections
can be systematically studied and parameters recalibrated
using recent QND detector tomography protocols [7,8,47].
Because of its flux tunability, our platform is also well
suited for a systematic study of qubit readout performances
as function of x, «, and U.

All the above properties make the transmon molecule
inside a resonator a promising building block for imple-
menting high-quality multiplexed readout in multiqubit
devices. Indeed, multiple transmon molecules could be

simultaneously measured by coupling dedicated resonators
to a common transmission line, similarly as done in multi-
qubit transmon platforms [48]. Although our scheme may
be a priori slightly more complicated than the usual qubit-
resonator-Purcell filter building blocks, which also involve
three modes, the possibility of nonperturbative cross-Kerr-
couplings can strongly increase the speed and QND quality
of the readout. This is particularly crucial for large-scale
protocols with repetitive measurements [49—51]. In par-
ticular, our scheme allows qubits to induce large readout
shifts 2y > « while still having large detuning to readout
modes, thereby mitigating frequency crowding, enhanc-
ing speed, and suppressing non-QND errors originating
from residual Purcell-like effects [19] or measurement-
induced state transitions within and beyond the rotating-
wave approximation [12,52]. In addition, having an intrin-
sic and in situ amplification at each qubit can enable a large
quantum detection efficiency, which can allow for a high
signal-to-noise ratio even when strongly splitting the read-
out pulse to perform scalable multiqubit measurements.

Finally, the transmon molecule circuit is also promis-
ing for other readout schemes using polaritons as an in
situ Josephson parametric dimer or JPA [37,38]. This can
be achieved through degenerate pumping either below the
critical bistability points of each polariton or in between
the frequencies of the two polaritons. Implementing these
strategies holds the potential to further enhance the quan-
tum efficiency and performance of the readout process in
future experiments.
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APPENDIX A: SAMPLE AND MICROWAVE
WIRING

In this appendix, we describe the experimental setup.
The device consists of an aluminum Josephson circuit real-
izing a transmon molecule and described by the lumped
element circuit of Fig. 5(d). The circuit is deposited on an
intrinsic silicon wafer as shown in Fig. 5(c) and inserted
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FIG. 5. (a) Schematic of the experimental setup. Even though
a JPA is present, it is not pumped in the current work and so
does not bring amplification. As our reported readout does not
require an external quantum-limited amplifier, the part framed
with the dashed line can be removed in order to further optimize
the output line and enhance the readout performance. (b) Picture
of the two parts of the 3D oxygen-free high-conductivity (OFHC)
copper cavity with the input-output pin connectors. The sample
is placed at the center of the cavity. (c) Optical microscope and
SEM pictures of the transmon molecule sample. The Josephson
junctions are highlighted in red. The superconducting quantum
interference device (SQUID) Josephson junctions implementing
the coupling inductance L, are highlighted in green. (d) Lumped
element circuit of the transmon molecule.

in a 3D copper cavity [Fig. 5(b)]. The transmon molecule
Hamiltonian is described in the following appendix.

To measure the transmon molecule, we insert the silicon
chip inside a 3D copper cavity with a volume of 24.5 x
5 x 35 mm? [cf. Fig. 5(b)]. The cavity mode considered is
the fundamental TE¢; mode.

The schematic of the experimental setup is shown in
Fig. 5(a). Qubit and readout pulses are sent through the

same input line. The output line carries the readout sig-
nal to a high-electron-mobility transistor (HEMT) through
two circulators to prevent any noisy microwave signal
going back to the cavity. The output line was wired to
include a JPA, which was turned off for the present study.
Consequently, the transmitted signal passes through two
circulators and a directional coupler before being reflected
on the JPA. As the JPA was not pumped, no amplifications
were performed. Then the reflected signal passes again
through the directional coupler and circulator before enter-
ing the first amplification stage with the HEMT amplifier.
This not-optimal output line wiring does not prevent us
achieving high-fidelity readout. However, the readout per-
formances could be further improved by removing the
JPA-related wiring that involves insertion and propagation
losses. At room temperature, the signal is down-converted
to dc voltages via an in-phase and quadrature (IQ) mixer
and digitized at 1 GS/s using an analog-to-digital converter
(ADC). Finally, the signal is digitally integrated.

APPENDIX B: TRANSMON MOLECULE
HAMILTONIAN

In this appendix, we derive the circuit Hamiltonian of
the transmon molecule. The molecule is realized by two
identical transmon qubits with Josephson energy E; and
capacitance Cg, coupled through a parallel LC circuit with
inductance L, and capacitance C; [see Fig. 5(d)]. Here,
Cy represents the capacitance between either small rect-
angular electrode and the longer central one, while C;
represents the capacitance between the two small rectan-
gular electrodes. The coupling inductor L, is implemented
by a chain of 10 small SQUID loops of area Ssquip, which
are tunable by an external flux &g [cf. Fig. 5(c)]. The
circuit also contains a large loop of enclosed area A4 that
is approximately » = 4/Ssquip = 26 times larger than the
SQUIDs. Consequently, the flux ® = »®g generates a cir-
culating current passing through both L, and the two small
Josephson junctions of the transmons.

As already discussed in previous work [19], when the
applied flux satisfies ® = n®, (with » an integer and
the magnetic flux quantum), the dynamics of the sys-
tem effectively behaves as a single-transmon qubit with
cross-Kerr-coupling to a slightly anharmonic ancilla mode,
described by the Hamiltonian

[A’[mol = 4Ecqfl§ — 2EJ COS((ZJ(]) + 4Ecaﬁ‘21

Ly ., E;
(pa - 5
L,(n) 2

—2E; (cos(g@a) - @;@2 + O°,

(B1)

Here, the phase average ¢, and phase difference @,
between the two Josephson junctions describe the effec-
tive transmon qubit and the ancilla mode, respectively.
Their conjugate charge number operators are denoted by
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g and 7,. The charging energies of qubit and ancilla
are given by Ec¢, = €*/(2C,) and Ec, = €*/(2C,), with
effective capacitances C, = 2Cs and C, = 2(Cs + 2C)),
respectively.

We considered the system in the transmon regime, £; >
Ec,,Ec,, so that ¢, ¢, < 1 and therefore expanded the
coupling term between ¢, and ¢, up to fourth order in the
phases. In addition, L; = (®¢/27)?(1/E;) describes the
Josephson inductance of each junction and L,(n) denotes
the value of the coupling inductance for given mag-
netic flux &5 = (n/r)®,. Importantly, the last term in Eq.
(B1) originates the nonlinear cross-Kerr-coupling between
transmon qubit and ancilla as shown in the next subsection.

To express the Hamiltonian in the number represen-
tation, we exploit the analogy between the quadratic
terms and the Hamiltonian of independent quantum
harmonic oscillators with positions %; = ¢;, momenta
p; = hij, masses m; = I*/(8E;), and frequencies @; =

/8Ej Ec; /h, for qubit and ancilla (j = g,a), where we
have defined the effective Josephson energies of qubit and
ancilla as £, = 2E; and E;,(n) = 2E;(1 + 2L, /L,(n)),
respectively. With these identifications, we can use the

known results from the quantization of the quantum har-
monic oscillator and express the phase and number opera-

tors as
8E A @G+ aH
. ¢y qg+4q'
0y = , (B2)
! ( Ey, ) V2
/4 N
Y I Rk ) (B3)
! 8Ec, V2
. ( 8E¢, )““ @+ah B4)
¢ E;,(n) V2
E 14 a o~k
o = —i( Ja(”)) @-4a) (BS)
8Ec, V2

where §, ¢" and &, a' are standard ladder operators for the
qubit and ancilla modes, respectively.

Replacing expressions (B2)+B5) into Eq. (Bl), we
diagonalize the quadratic terms of the circuit Hamiltonian,
allowing us to interpret the qubit and ancilla modes as two
coupled anharmonic oscillators described by

IA{mO ~ At A A~ A ~ At A Ua A~ A
H S =0, + %(61 +3 +oua'a - @+
- Saria+a (B6)

Here, the anharmonicities of the qubit and ancilla are given
by a, = —Ec,/h and U, = (Ec,/h)(1 + 2L;/Ly(n))~ !,
respectively, and g.. = ,/a,U, is the strength of their
cross-Kerr-coupling.

Considering a large enough anharmonicity |o,|, we can
approximate the transmon qubit by its two lowest states,
so that it can be fully described by Pauli operators, 6, =
24"G — 1 and 6_ = §. Finally, adding the cavity mode ¢,
its coupling to the ancilla, and applying the rotating-wave
approximation (RWA) to Eq. (B6), we recover Eq. (1) of
the main text.

APPENDIX C: OPEN QUANTUM SYSTEM
DESCRIPTION AND NONLINEAR
STEADY-STATE DYNAMICS

In this appendix, we present details of the theoretical
models to describe our setup as a nonlinear open quantum
system. We also indicate the approximations and the spe-
cific nonlinear Duffing equations that we use to interpret
the measured data.

1. Cavity-ancilla basis

For a timescale much shorter than the lifetime of the
qubit, ¢ < T1, we can neglect the dynamics of the qubit,
and therefore its only effect is to provide a static shift on
the ancilla frequency depending on the qubit state. This
is described by the system Hamiltonian / in Eq. (1). If
we additionally take into account the dynamics induced
by a coherent drive of strength €2, on the cavity, A, =
hQ.(ce@dt 4 teiwaty  the total Hamiltonian Hi = H +
H, in the rotating frame with respect to the drive frequency
wy reads

H, U,
L= —(wg—dMata— 7"&%*&&
— (wg — w)&Te + gee(@’e + &) + Q@ + &N,
(CD)
where d)f,”) = w, — g::(02), is the qubit-dependent ancilla

frequency. Considering the decay of the cavity «. and
ancilla «,, the master equation for the density operator of
the system p(f) reads

p=—i [% p} + k. D[E]p + k Dlalp. (C2)

We consider a displacement transformation for the cav-
ity and ancilla modes, a = «(f) + da and ¢ = y (¢) + éc¢,
where 8a and §¢ are quantum fluctuation operations around
the classical mean displacements «(f) and y (¢), respec-
tively. The dynamics of the classical fields are given by
the coupled nonlinear equations

& = —[ka/2 — i(wg — O] — iguey + iUl e,

Y = —lke/2 — i(wqg — )]y — i — iguea,
(C3)
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whereas the dynamics of the quantum fluctuations is
described by the master equation for the new density
operator pg(f),

Pr = —1 ?,PF + k.D[s¢lpr + k D[salpr.  (C4)

Here, the fluctuation Hamiltonian reads,

A

H
% = —(wg — & +2U,|a|?)8a" 50 + g, (54" 8¢

+8¢780) — (wg — we)8eT8¢
Ua At A At A
- 7[oﬂ(aa')2 + (@)% (8a)?] — UyJa(8a")*sa

U,
+a*satsat] — 7“(5&*)2(5&)2. (C5)
Note that the dynamics in Egs. (C3)~C5) is equivalent to
the original one in Eqgs. (C1) and (C2), but the former equa-
tions are more convenient when quantum fluctuations are
small, which is the case when driving the system with a
strong coherent drive on the cavity €2..

The steady-state solution for the classical displacements
in Egs. (C3) is obtained by first solving the following
nonlinear algebraic Duffing oscillator for the ancilla,

[4—i(B+ C|ass|2)]ass =D, (Co)
and then obtaining the solution for the cavity displacement
as

Ve = i(82, fgacass) . )
Kc/2 - l(wd - wc)
Note that in Eq. (C6) the parameters read 4 = «,/2 +
ZacRe(@), B = 0y — & — g Im(2), C = U, D = —z82,
and z = g, /[k./2 — i(wg — w.)]. This Eq. (C6) is more
conveniently solved in terms of a third-order polynomial,
C’x* 4+ 2BCx* + (4> +BH)x —D =0, (C8)
for x = |ag|?. In this work, we numerically solve for Eq.
(C8) and then determine the full ancilla displacements via
ass = D/[4 — i(B + Cx)] and Eq. (C7).

We checked numerically that in steady state ¢ > 1/«,,
the quantum fluctuations are always small with respect
to the classical displacement, |(8a)| < |ass| and [(8¢)| K
|Yssl, and therefore it is a good approximation to com-
pletely neglect them, namely (a), ~ as and (¢), = Vs,
as given by the solution of Egs. (C6)~(C8). Under these
approximations, Eq. (8) of the main text is valid.

In Sec. IV, when discussing the bistability of the upper
polariton, we calculate the stable solutions after a ramp
up and ramp down of the system by the solutions of Eq.

(C8) with lowest and largest amplitude, respectively. This
matches very well the measured data as indicated in Figs.
3(b) and 3(c).

2. Polariton basis
Starting from Egs. (Cl) and (C2) and doing a
polariton transformation ¢, = cos(#)a + sin(@)¢ and ¢; =
cos(f)c — sin(f)a, as indicated in Sec. IIB, we can
describe the system by the master equation

A . I:Ip A~ A Al
b = —l[%,p}—l—ZKjD[SCj]p, (C9)
J

where the total Hamiltonian for the polariton modes ¢;,
considering the coherent drive in the rotating frame with
frequency wy, reads

Yz w . Ui 2.2
ot _ 4 4 _E: afa s E: A7 S A R
n T o o, chjcjoz—l— w; C; Cj > ¢ ¢

j=ul j=ul
+ Q@+ 8D — Uutjeele. (C10)
j=ul

Here, the effective polariton driving strengths are given as
in the main text as 2, = sin(0)$2. and ; = cos(0)S2..

We can also apply a displacement transformation on
the polariton operators, ¢; = y;(¢) + ¢; and obtain an
equivalent description, similar as done above for the
cavity-ancilla basis. The classical displacements y; () are
described by the coupled nonlinear equations,

¥ = —lk; /2 — i(wq — 0)]y; — iy

+iU;ly Py + iU0aly— 1Py (C11)

The quantum fluctuations are described by a master
equation,

pr = —ilH, ppl +15 D18 10r.  (C12)

The Hamiltonian for the polariton quantum fluctuations
Hlf can be more compactly written using the identifications
8¢, — 8¢y and 8¢; — 8¢_ as
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Similarly, as for the cavity-ancilla basis, we checked
numerically that quantum fluctuations are always small in
our problem, [(8¢; )| < |y; [, and therefore we neglect them
for simplicity (¢;), ~ y;.

In addition, we found that neglecting the coupling
between polaritons U, is a good approximation to our data
up to moderately large driving amplitudes €2.. This further
simplifies the analysis of the nonlinear polariton meters
of our setup, as they can be well modeled as independent
modes. The quasisteady-state amplitudes of each polariton
(¢;)y are solutions of standard Duffing oscillator equations
of the form

[k /2 — i(wa — &" + Uy &)y D1E )y = —i%y. (C14)

This is Eq. (7) of the main text, which can be put in
the same form as Eq. (C8) with x; = [(¢;),I%, 4; = k; /2,
B = ws— @ ", C; = Uy,and D; = —i<;. In this way we
solve self-consistently for the occupation of each polari-
ton mode x; = |(£'j),7|2 first, and then we obtain the full
solution for each mode independently as (¢;), = D;/[4; —

APPENDIX D: COMPARISON WITH OTHER
BIFURCATION READOUT

In Table II are summarized the x, x, U, Nei, Fro,
tint, and T values for our present work and for differ-
ent references using a Josephson bifurcation amplifier or a
Josephson parametric oscillator with dispersive interaction
with a qubit. While « is in the same order of magnitude, our

TABLE II. Readout system parameters for different refer-
ences using a Josephson bifurcation amplifier or a Josephson
parametric oscillator.

Present work Ref. [22] Ref. [43] Ref. [44]

x/2m (MHz) 24 2.1 1.7 3.6
« /2w (MHz) 7.6 9.4 3.1 1.3
U/2m (MHz) 6.5 (0.02) 0.3 0.03
Nesit 0.2 90.5 2.0 8.3
Fro (%) 98.6 92 98.3 90.8
tint (nS) 500 965 2025 600
Ty (s) 33 0.5 25 4.1

(C13)

(

cavity pull x is much larger than in other references thanks
to the nonperturbative nature of the cross-Kerr-coupling.
Moreover, JBA is usually used in the case U <« «, meaning
a large number of photons are required to attain the bista-
bility zone, while in our case, U < «, a photon number
close to unity is sufficient to attain the bistability zone.
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