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Abstract:  
Hybrid quantum systems in the ultrastrong, and even more in the deep-strong, coupling 
regimes can exhibit exotic physical phenomena and promise new applications in quantum 
technologies. In these non-perturbative regimes, a qubit–resonator system has an 
entangled quantum vacuum with a nonzero average photon number in the resonator, where 
the photons are virtual and cannot be directly detected. However, the vacuum field is able to 
induce the symmetry breaking of a dispersively coupled probe qubit. Here we show, by 
exploiting an input/output theory well designed for a coherent probe source, the 
spectroscopical evidences of such a symmetry breaking of the selection rules. Furthermore, 
for a very weak coherent probe, we also show that the method herein exploited can bring 
semi-analytical formulas, very useful for a clear understanding of the physics behind the 
observed effects. 
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FIG. 1. | Device. a, Optical image of the device. The
lumped-element resonator is composed of two identical large
“fishbone” interdigitated capacitors and a center conductor
in between. The flux qubit consists of three identical larger
JJs and a smaller JJ reduced by a factor of 0.42 in area. To
enhance the coupling between the flux qubit and the lumped-
element resonator, an even larger JJ (with its area doubled)
is added in the qubit loop and shared with the center conduc-
tor. Extending to the left (right) is another section of 50 ⌦
coplanar waveguide which couples to the input signal line (the
Xmon qubit). b, Zoom-in optical image of the area denoted
by the green rectangular box in a. c, Circuit diagram of the
device (cf. Fig. S1 in Supplementary Information).

probe superconducting circuit (Xmon) dispersively cou-
pled to a qubit–resonator system in the deep-strong cou-
pling regime. This e↵ect is very similar to the Higgs
mechanism, although in our case the broken symmetry
is discrete. At the optimal point, both the flux qubit
and the qubit–resonator system have a well-defined par-
ity symmetry [43]. In this parity-symmetry case, the
quantum-vacuum expectation value of the resonator field
is zero, hG|(a + a

†)|Gi = 0, where |Gi is the qubit–
resonator ground state. With the external flux tuned
away from the optimal point, parity-symmetry breaking is
induced for both the flux qubit and the qubit–resonator
system, giving rise to hG|(a + a

†)|Gi 6= 0 [39]. In our
experiment, the achieved qubit–resonator system is in
the deep-strong coupling regime, so the quantum-vacuum
state is very di↵erent and, when away from the opti-
mal point, this can produce a sizable nonzero value of
hG|(a+ a

†)|Gi as well as observable symmetry breaking
e↵ects. Indeed, as demonstrated in our experiment, the
qubit–resonator system is able to break the parity selec-
tion rule of the dispersively coupled Xmon, thus enabling
forbidden transitions.

Deep-strongly coupled qubit–resonator circuit.–The
system is composed of a five-junction flux qubit deep-
strongly coupled to a superconducting lumped-element
resonator via a common Josephson junction (JJ) (Fig. 1).
In addition, we use an Xmon as a quantum detector,
which capacitively coupled to the lumped-element res-

onator on the left and to a coplanar-waveguide resonator
on the right. The whole device is placed in a dilution
refrigerator cooled down to a temperature of ⇠30 mK.
Similar to the three-junction flux qubit [2], the five-

junction flux qubit has both clockwise and counterclock-
wise persistent-current states. Away from the optimal
point �ext = (n + 1

2 )�0, where �ext is the external flux
threading the loop of the flux qubit, �0 = h/2e is the su-
perconducting flux quantum, and n is an integer, these
two persistent-current states have an energy di↵erence
" = 2Ip��ext, depending on the maximum persistent cur-
rent Ip and the flux bias ��ext ⌘ �ext� (n+ 1

2 )�0. Also,
there is a barrier between these two persistent-current
states, which removes their degeneracy at the optimal
point by opening an energy gap �. In the basis of eigen-
states, the Hamiltonian of the flux qubit can be written
as (setting ~ = 1) Hq = !q�z/2, where !q =

p
�2 + "2 is

the transition frequency of the qubit and �z is a Pauli op-
erator. The quantum two-level system is a good model
for the flux qubit because of its relatively large anhar-
monicity.
Compared to the coplanar-waveguide resonator, the

lumped-element resonator has the advantage of only a
single resonator mode [24]: Hr = !ra

†
a, where !r is

the resonance frequency of the resonator mode. This !r

is V-shaped versus ��ext around the optimal point [24]
because the inductance across the qubit loop, as part
of the total inductance of the lumped-element resonator,
depends approximately linearly on |��ext|. The large JJ
shared by the flux qubit and the lumped-element res-
onator acts as an e↵ective inductance to produce an inter-
action between them, Hint = g[cos ✓ �z�sin ✓ �x](a†+a),
where tan ✓ = �/", and g = MIpIr is the coupling
strength, with M being the mutual inductance and Ir

the vacuum fluctuation current along the center conduc-
tor of the lumped-element resonator. When the qubit–
resonator coupling is in the ultrastrong or deep-strong
regime, one cannot apply the rotating-wave approxima-
tion (RWA) to Hint, and the Hamiltonian of the qubit–
resonator system is written as

Hs =
1

2
!q�z +!ra

†
a+ g[cos ✓ �z � sin ✓ �x](a

†+a) , (1)

i.e., the generalized quantum Rabi model [15].
We can extract the parameters in Hs by fitting the

reflection spectra of the qubit–resonator system, as mea-
sured by applying a probe tone to the system. Around
!p/2⇡ = 4.8 GHz (near the bare frequency of the lumped-
element resonator) and 5.6 GHz, clear transitions are ob-
served, of which the corresponding frequencies are found
to be consistent with the transition frequencies from the
ground state |Gi ⌘ |0is to the first- and second-excited
states, |1is and |2is of the qubit–resonator system, re-
spectively, i.e., !01 and !02 (see the solid fitting curves
in Figs. 2c and 2b). Around !p/2⇡ = 11.9 GHz, we
observe the transition from the ground state |Gi to the

4

EJ cos', where nR = i
g0

8Ec
(a � a

†), and g
0 ⇡ gX (by a

symmetric design) is the coupling strength between the
lumped-element resonator and the Xmon qubit.

The total Hamiltonian of the deep-strongly coupled
qubit–resonator system plus the Xmon can be expressed
as Htot = Hs + H̃X . Owing to the large transition
frequency between the ground and first-excited states,
the deep-strongly coupled qubit–resonator system nearly
stays in the ground state |Gi at the temperature⇠30 mK.

Note that in the dispersive regime, where the Xmon–
resonator coupling rate is much lower than the corre-
sponding detuning, the energy transitions of the Xmon
are almost una↵ected by the interaction and can be eas-
ily identified with standard spectroscopic techniques. We
also observe that, neglecting the interaction between the
resonator and the flux qubit, or considering a flux qubit
at the optimal point, the Xmon–resonator system dis-
plays parity symmetry. On the contrary, when the qubit
is brought out of the optimal point, the very strong
qubit–resonator coupling strength can induce a symme-
try breaking of the Xmon, even for moderate Xmon–
resonator coupling strengths (see Supplementary Infor-
mation).

In Figs. 3a and 3b, we show the single- and two-photon
transitions between the lowest two levels of the Xmon us-
ing two-tone spectroscopy. Here the resonance frequency
of the single-photon transition corresponds to the transi-
tion frequency !X of the Xmon qubit, and the resonance
frequency of the two-photon transition is 1

2!X . In our
chip, 1

2!X is designed to be well separated from both !01

and 1
2!02 of the deep-strongly coupled qubit–resonator

system to avoid any unwanted transitions. The drive
power (�65 dBm) applied at the local drive port for excit-
ing the two-photon transition is much stronger than that
for the single-photon transition (�120 dBm). In Fig. 3b,
the signal of the two-photon transition is found to disap-
pear at the optimal point ��ext = 0, evidencing that the
well-defined parity symmetry of the standard Rabi model
preserves the parity selection rule of the Xmon. When
deviating from the optimal point, the parity-symmetry
breaking in Hs, in addition to producing a nonzero vac-
uum expectation value v = hG|(a+a

†)|Gi 6= 0, is able to
break the parity symmetry of the Xmon artificial atom.

These results can be described by adopting a simpli-
fied model for the Xmon using only its four lowest energy
levels. Considering the large detunings (& 20 GHz), the
e↵ects from higher levels are negligible. With the Xmon
now approximated as a four-level system (qudit), the to-
tal Hamiltonian of the qubit–resonator system plus the
Xmon can be written as

Htot = Hs +H
(4)
X � g

0(a� a
†)(b� b

†) , (2)

where b =
P3

n=0

p
n+ 1 |nihn+1| is the annihilation op-

erator for the Xmon, and H
(4)
X =

P3
n=0 "n|nihn| is the

bare Xmon energy (HX), projected into the reduced 4-
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FIG. 3. | Excitation spectra. Excitation spectra of the
Xmon qubit versus the external flux bias ��ext and the drive
frequency !d around �ext = (3 + 1

2 )�0. The frequency of the
probe tone is fixed at 3.554 GHz, in resonance with the �/2
mode of the coplanar-waveguide resonator. a and b show the
experimental results, corresponding to the single- and two-
photon transitions of the Xmon qubit with frequencies !X and
1
2!X , respectively. c and d show the simulated results. The
theoretical calculations display the changes in the amplitude
of the Xmon polarization |hP (!d)i|. Loss rates for the flux
qubit, lumped-element resonator and Xmon are chosen to be
�(q)/2⇡ = �(a)/2⇡ = �(b)/2⇡ = 2MHz, for simplicity and to
be consistent with the observed linewidth in a. e (f), Cross
sections along the excitation spectra in a (b) and c (d) when
!d/2⇡ = 5.181GHz (2.5905GHz).

dimensional Hilbert space. We can evaluate the single-
and two-photon absorptions under coherent drive of the
Xmon by studying its e↵ective polarization hP (!d)i =
Tr[�i(b � b

†)⇢(!d)], with ⇢ being the density operator
of the system. The latter can be calculated using the
master equation approach in the dressed picture [46] (see
Supplementary Information). The simulated results are
shown in Figs. 3c and 3d, which are in a good agreement
with the experimental observations. This demonstrates
the symmetry breaking of a quantum system which is cou-
pled to a vacuum of another quantum system displaying
symmetry breaking. Note that the deep-strongly coupled
qubit–resonator system nearly stays in the ground state
|Gi at a temperature of ⇠30 mK, and in the present case
of dispersive coupling with a largely detuned Xmon.
We observe that the interaction-induced symmetry

breaking mechanism detected here is more complex with
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Scheme of a lumped-element LC resonator coupled to a flux qubit. Single and two-photon excitation spectra


