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We present a hardware realization and measurements of a tetron qubit device in a superconductor-
semiconductor heterostructure. The device architecture contains two parallel superconducting
nanowires, which support four Majorana zero modes (MZMs) when tuned into the topological
phase, and a trivial superconducting backbone. Two distinct readout interferometers are formed
by connecting the superconducting structure to a series of quantum dots. We perform single-shot
interferometric measurements of the fermion parity for the two loops, designed to implement Pauli-X
and Z measurements of the tetron. Performing repeated single-shot measurements yields two widely
separated time scales τX = 14.5 ± 0.3 µs and τZ = 12.4 ± 0.4ms for parity switches observed in
the X and Z measurement loops, which we attribute to intra-wire parity switches and external
quasiparticle poisoning, respectively. We estimate assignment errors of errXa = 16% and errZa = 0.5%
for X and Z measurement-based operations, respectively.

a. Introduction The use of measurement-based topo-
logical qubit arrays for quantum computation is attractive
for several reasons: it is predicted that most physical
qubit errors can be suppressed exponentially in several
dimensionless quantities [1–3]; the requisite topological
phase can occur in superconductor-semiconductor hybrid
nanowires that are amenable to scalable fabrication tech-
niques [4–7]; qubit control is ‘digital’ in the sense that
error rates do not depend sensitively on the amplitude
of the baseband control pulses, simplifying calibration
and reducing susceptibility to noise; operations can be
performed rapidly, on timescales [8, 9] expected to allow
utility-scale applications to be executed in weeks [10];
and the qubit footprint is small enough to permit mil-
lions of qubits on a single chip [11]. These benefits have
spurred a wide range of activity [12–41], including a recent
roadmap to a fault-tolerant quantum computer based on
topological qubits [11].

The first step in that roadmap is the construction of
a so-called tetron device comprised of two topological
nanowires [4–6] connected by a trivial superconducting
wire [8, 9] (see Fig. 1a). The tetron is designed to support
four Majorana zero modes (MZMs), which encode a single
qubit when the total parity is fixed; the parity eigenstates
of either topological wire are a convenient set of basis
states.

One of the basic operations in a tetron is a measurement
of the fermion parity of a topological nanowire [42]. This
is accomplished by forming an interference loop [8, 9, 43]
comprised of one of the topological nanowires and a quan-
tum dot (referred to hereafter as a Z loop). The quantum
capacitance CQ of the dot is a function of the total parity
of the dot and the two MZMs in the loop. Probing it via
dispersive gate-sensing [44] constitutes a Pauli-Z measure-
ment of a tetron. To perform a Pauli-X measurement in
this encoding, one similarly measures the fermion parity
along an interference loop that bridges the two nanowires
and thus involves Majorana zero modes (MZMs) located
on distinct nanowires (referred to hereafter as an X loop).

Here, we report on measurements of a device realizing
the tetron concept. We present evidence that the two
distinct types of measurements that we perform probe

the fermion parity on Z and X loops of the tetron. The
minimum observed single-shot measurement-errors are
0.5% for the Z loop and 16% for the X loop. Contin-
uous monitoring of the two measurements reveals dis-
tinct characteristic timescales of τZ = 12.4± 0.4ms and
τX = 14.5 ± 0.3 µs. We interpret these as fermion par-
ity switches and show that they are consistent with a
theoretical model in which τZ is set by quasiparticle poi-
soning and τX is set by thermal excitations and quantum
jumps due to residual splitting between low energy modes
localized at the ends of the nanowires.

We argue that these results are the first demonstration
of two distinct projective measurements of fermion parity
in a tetron device. When performed in a topological qubit,
these measurements correspond to Pauli measurements in
orthogonal bases [45, 46]. Confirming this orthogonality
using a rapid succession of X and Z loop measurements
is the next step of our roadmap [11]. These Pauli mea-
surements are the only single-qubit operations required to
perform quantum error correction and can be augmented
with non-Clifford operations such as T gates to achieve
universality.

b. Device overview Our device has been fabricated
using a high-quality [47] InAs two-dimensional electron
gas (2DEG) grown by molecular beam epitaxy and a two-
metal-layer fabrication process, similar to the method
described in Ref. 42. (See Appendix D for more informa-
tion and for a complete device schematic and gate naming
convention; throughout the manuscript, Vi refers to the dc
voltage applied to gate i.) Two 3.5 µm-long Al strips are
connected by a narrower 1µm-long superconducting back-
bone, forming a sideways “H,” shown in teal in Fig. 1(a).
Each Al strip is covered by a plunger gate, denoted as
WP1 (WP2) for the top (bottom) wire, highlighted in
green in Fig. 1(a). The plunger gates deplete the 2DEG,
thereby forming the semiconductor nanowires, and en-
able tuning the proximitized semiconducting nanowires
into the single-subband regime. Because the backbone
is narrower, these plunger gates simultaneously fully de-
plete the 2DEG underneath it. To facilitate device tuning
through non-local conductance measurements, as used in
the topological gap protocol (TGP) [48, 49], the super-
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FIG. 1. (a) Schematic of a tetron, highlighting the hybrid
nanowires, backbone, quantum dots, and junctions. The H-
shaped aluminum pattern (teal) defines the two topological
nanowires (horizontal) and the trivial superconducting back-
bone (vertical) which has an extension that is connected to
ground. Wire plunger gates WP1 and WP2 are used to tune
the horizontal wire segments into the lowest electric subband
while simultaneously fully depleting the narrower backbone.
In the topological phase, there are MZMs at the four ends of
the H, highlighted in brown and labeled γi. The high-SNR
readout dots 1 and L are coupled to the wires via the indi-
cated tunnel couplings t1,3

X , t3,4
Z . These tunnel couplings are

controlled by cutter gates DC13, DC3L, DC4L (light blue)
and the detuning of the quantum dots which is set by the dot
plunger gates (orange). Gold-colored gates on the periphery
are used to establish confining potentials for the quantum dots
and transport paths. (b) An SEM image of a tetron.

conductor is connected to ground through an extension
of the backbone which runs off the top of the image in
Fig. 1(a). The ends of the tetron device are connected to
the dots via tunnel junctions to form interferometer loops.
A scanning electron micrograph of a nominally identical
device is shown in Fig. 1(b). This design facilitates more
efficient multi-qubit layouts [9] than the linear design of
Ref. 42.

The three readout interferometers (two of which are
used in this paper) consist of five semiconductor quantum
dots: dots 1-4 are adjacent to the ends of the nanowires
and dot L is parallel to the bottom nanowire, as shown in
Fig. 1(a). Two loops are discussed in this paper. The X

loop is formed using dot 1, dot 3, the left halves of the two
nanowires, and the backbone, as shown in Fig. 2(a). The
Z loop is formed using dots 3, L, and 4, and the bottom
nanowire, as shown in Fig. 3(a). Measurements of the
quantum capacitance of dots 1 and L will be referred to as
“X loop measurements” and “Z loop measurements,” re-
spectively, when their corresponding loops are connected.
The magnetic flux through these loops is controlled

with a perpendicular magnetic field B⊥. When the wires
are in the topological phase, the dots are coupled to
Majorana zero modes (γi in Fig. 1(a)), and their quantum
capacitances CQ have flux-dependent sensitivity to the
joint parity of the distinct pairs of MZMs coupled by the
corresponding loops [9, 42, 50]. Under these conditions,
the capacitance difference ∆CQ between the two parities
is h/2e-periodic, as discussed in Ref. 42 for the Z-loop
and in Appendix A for the X loop.

To maximize the visibility of ∆CQ, the interferometer
loops need to be balanced. In the topological phase, the
X loop involves effective couplings t1,3X as indicated in
Fig. 1(a), where t1X is a direct coupling of dot 1 to γ1,
while t3X is an indirect coupling to γ3 controlled by DC13,
dot 3, and its coupling to the bottom nanowire. The
analogous Z loop effective couplings from dot L to γ1,3,

are t3,4Z , which are controlled by DC3L, DC4L, dot 3, dot
4, and their respective couplings to the nanowire [51].
Fig. A5 contains a device layout with a complete labeling
of the gates and their operational voltage regimes.
To measure CQ, we employ a highly sensitive, high-

bandwidth radio-frequency (rf) measurement using read-
out resonators in a reflectometry configuration. While
following a similar general approach as Ref. 42, we have
improved several system components to achieve a four-fold
improvement of sensitivity, as detailed in Appendix E.

c. Experimental results. We now briefly describe the
tune-up of the tetron device which follows a similar proce-
dure to the one described in Ref. 42 and which is described
in more detail in Appendix F. The underlying rationale
is to (1) tune the wires into the topological phase and
the backbone into the trivial superconducting phase in
which the 2DEG is fully depleted; (2) balance the X or
Z loop interferometer approximately; (3) measure a time
record of CQ for dot 1 or L; (4) vary dot detunings for
maximum visibility of the interference signal; (5) vary
the flux through the interference loop and look for an
h/2e-periodic bimodal signal; (6) vary wire plungers to
explore a region within the topological phase.
With the nanowires defined by the appropriate wire

plunger (WP) gate voltages and transport paths set by
the depletion gates, the TGP is performed simultaneously
on both horizontal nanowire segments. After fixing the
in-plane magnetic field to 2.3T, a value at which both
segments pass the TGP (see Fig. A9), we isolate the
device from the leads by depleting the four source cutter
gates SC1-4 and electrostatically define dots 1 and 3
to complete the X loop. DC24 is set to depletion to
eliminate any coupling through the right loop, and DC3L
and DC4L are set to depletion to turn off coupling through
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FIG. 2. (a) Schematic of the interference loop involved in the X measurement. Gate coloring indicates the associated tuning
as described in Fig. A5; � denotes the magnetic 
ux threading the loop, controlled by B? . (b) Excess kurtosis of measured
CQ time record as a function of varations of VQD1 and VQD3 near charge degeneracy. The red circle denotes the gate voltages
used in panels (c)-(h). The dashed black line highlights the position of interdot and dot-wire charge transitions, see Fig. A12
for details. (c) Excess kurtosis of measuredCQ time record as a function of B? at �xed gate voltages. (d) Measured CQ time
record at the 
ux value indicated by a dashed blue line in panel (c) using an e�ective integration time of 2 µs per data point.
The inset to the right shows a zoom-in of the data marked by the black dashed box to exemplify the observed RTS. (e) A
histogram of measured CQ values over the full time record in panel (d). (f),(g) Same quantities as in (d),(e) at the 
ux value
indicated by a dashed green line in panel (c). (h) Autocorrelation functions computed from the time records in panels (d) and
(f). The blue data points associated with the former show a clear exponential decay over time di�erences up to 30 µs, indicative
of a RTS. The red line is a �t to the data in the shaded region, which results in � X = 14 :5 � 0:3µs. (i) The excess kurtosis as a
function of the di�erence in VWP1 and VWP2 relative to the value used in the initial measurement shown in (c)-(h). The dark
region near the middle highlights the optimal tuning point which shifted slightly in the intervening days. Red cross-hatching
indicates regions in voltage space where no data were collected.

the Z -loop (see Fig. 2(a) for an overview of gate tunings
as indicated by gate coloring). To account for minor
couplings between the gates used to tune the quantum
dots and the nanowire chemical potential, we verify the

locations of the zero-bias peaks (ZBPs) in junctions 2 and
4 as a function ofVWP1 and VWP2 using a local di�erential
conductance measurement (see Fig. A11).VWP1 and
VWP2 are then set near the midpoint of the respective ZBP
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extents. Interdot and dot-wire couplings are extracted
as described in Appendix F, where we explain how the
couplings are tuned to balance the interferometer so that
t1
X � t3

X � 1:5µeV.
With the interferometer roughly balanced, we measure

time records of CQ [52] while varying dot 1 and dot 3 de-
tunings, to optimize interferometer balancing, and while
varying the out-of-plane �eld B? [53] to identify 
ux de-
pendence. Here, we start by examining the results at a set
of VWP values that best exempli�es the expected behavior
of a tetron and will comment on the robustness over a
range of wire plunger values below. Fig. 2(b) shows a map
of the excess kurtosis minimized overB? as a function of
the two dot detunings. The excess kurtosis uses the fourth
moment to detect deviations from a Gaussian distribu-
tion (for which it vanishes); bimodal distributions, such
as those arising from a random telegraph signal (RTS),
exhibit negative excess kurtosis values [42]. We observe a
minimum when dot 1 is close to degeneracy and dot 3 is
detuned, as expected since the signal relies on 
uctuations
of the charge on dot 1 while dot 3 controls the e�ective
coupling between dot 1 and the bottom wire. The excess
kurtosis minimum indicates that the CQ time record ex-
hibits a non-Gaussian distribution for certain B? . We
examine this further in Fig. 2(c), where we plot the excess
kurtosis as a function ofB? for a �xed value of dot 1 and
dot 3 detunings, indicated by the red circle in Fig. 2(b).
We observe periodically spaced dips in the excess kurtosis
with a �eld periodicity of 1 :2mT extracted by �tting a
sinusoid to the corresponding standard deviation ofCQ
with respect to B? . This period is consistent with the
expectation of 1:2mT for a 
ux periodicity of h

2e given
the lithographic area (� 1:75µm2) of the X loop.

We now discuss the temporal 
uctuations of CQ . Over-
all, we observe a combination of two random telegraph
processes occurring on distinct timescales | typically
around 10µs and 10ms, respectively, in the identi�ed
optimal regions. Focusing �rst on the faster dynamics,
Fig. 2(d) and (f) present time records of CQ . A pro-
nounced RTS is evident in Fig. 2(d), which corresponds
to the dip in excess kurtosis indicated by the dashed blue
line at B? � � 1:7mT in Fig. 2(c). The corresponding
histogram in Fig. 2(e) displays clear bimodality, consis-
tent with a RTS. In contrast, away from the optimal

ux value, the time record shown in Fig. 2(f) and its
histogram in Fig. 2(g) does not show clear bimodality.
However, the distribution is broader than either of the
individual Gaussians in Fig. 2(e), and the excess kurtosis
is nonzero though small. As discussed in Appendix A,
we interpret this behavior as arising from a superposition
of two overlapping Gaussian distributions. We expect
this when the 
ux is near a multiple of half of the 
ux
quantum, which results from residual � CQ caused by
an MZM splitting{induced avoided level crossing and
slow global parity switching events, see Fig. A2. Indeed,
the analysis of 120ms-long time traces, as discussed in
Appendix B, reveals the presence of an additional RTS
occuring on a timescale of approximately 10ms. We at-

tribute these switching events to extrinsic quasiparticle
poisoning, which alters the global fermion parity of the
tetron-dot system.

To extract characteristic timescales of the fast 
uctu-
ations, we analyze the autocorrelation function of the
quantum capacitance signal:

A [CQ ](t � t0) = h(CQ (t) � h CQ i ) (CQ (t0) � h CQ i )i ; (1)

whereh: : :i denotes the average over the entire time record.
The autocorrelation is expected to be governed by two
primary contributions: (i) readout noise, which is tem-
porally uncorrelated and contributes to a delta-function
term: A [CQ ]RO (t � t0) = � 2

CQ
� (t � t0), where � CQ is the

standard deviation of the readout noise; and (ii) RTS,
which is exponentially-correlated in time and leads to a
contribution A [CQ ]RTS (t � t0) = (� CQ =2)2e� 2j t � t 0j=� X ,
where � CQ is the amplitude of the telegraph switches
and � X is the characteristic timescale. The latter can be
related to the characteristic switching times from the high-
CQ (� X #) and low-CQ (� X " ) states as� X = 2=(� � 1

X " + � � 1
X #).

Fig. 2(h) shows the autocorrelation function for the two
time records shown above. For the trace in Fig. 2(d), cor-
responding to the dip in excess kurtosis as a function of
B? , we observe a clear exponential decay extending over
more than an order of magnitude, up to jt � t0j � 30µs.
Fitting the autocorrelation function in Fig. 2(d) to the
model A [CQ ] = A [CQ ]RO + A[CQ ]RTS , where � CQ , � CQ
and � X are free parameters, yields a switching timescale
of � X = 14:5 � 0:3µs with � CQ = 276 � 4aF and
� CQ = 83 � 3aF. In contrast, the autocorrelation for
the second trace (Fig. 2(h)) exhibits only a sharp peak
at t = t0, indicating the absence of signi�cant temporal
correlations beyond readout noise within the experimen-
tal resolution. This timescale in Fig. 2(d,h) is roughly 3
times longer than in the device reported in Ref.54, which
may be due in part to improved device tuning.

The X measurement described above is repeated for a
grid of VWP1 and VWP2 values. To explore the extent of
the observed 
ux-periodic bimodality, Fig. 2(i) shows the
excess kurtosis minimized overVQD1 , VQD3 , and B? . As
both wire plunger voltages are varied, we observe that the
excess kurtosis remains below� 0:5 across several hundred
microvolts in both wire plunger voltages, and falls below
� 0:7 over a range of tens of microvolts. This indicates
that the non-Gaussian behavior is robust against small
variations in the wire plunger voltages. We comment on
these voltage ranges in the discussion at the end of this
paper. Notably, the measurements shown in Fig. 2(c)-(h)
and Fig. 2(i) were taken up to 5 days apart. Between these
two measurements, we observed a small drift of� 100µV
in the WP voltages corresponding to the minimal excess
kurtosis.

We next interrupt the X loop by depleting DC13 and
opening DC3L and DC4L to form the Z loop comprised
of dots 3, L, and 4 (see Fig. 3(a) for an overview of gate
tunings). Note that due to �nite cross capacitance from
DC3L and DC4L to the nanowire, we adjust VWP1 and
VWP2 slightly relative to the values used in the X loop
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FIG. 3. (a) The interference loop involved in the Z measure-
ment, enclosing 
ux �. Gate coloring indicates the associated
tuning as described in Fig. A5. (b) Excess kurtosis of the
quantum capacitance measured on QDL as a function of out-
of-plane �eld and VQDL when the system is tuned into the
loop con�guration appropriate for the Z measurement. The
voltage VQD3 (VQD4 ) is kept �xed at a value corresponding to
a detuning of � 0:1 (0:1) electrons from charge resonance. We
observe dips in the excess kurtosis, indicating the presence of
a RTS, with a periodicity of 1 :1mT near charge degeneracy
of the quantum dot. (c) Histogram of the CQ record as a
function of B? for the VQDL detuning value indicated by the
red dashed line in (b). (d) Example time record corresponding
to the red marker in (b) and vertical dashed line in (c). (e)
Dwell time distribution of the two states of the RTS extracted
from all time records in the data (sweeping VQDL , VQD4 and
B? ) for which the excess kurtosis < � 1. Solid lines corre-
spond to an exponential �t with an average dwell time of
� Z = 12 :4 � 0:4 ms [55].

measurement. We discuss this in Appendix F, where we
show how theZ interferometer loop is balanced using a
similar procedure as for theX loop. With the Z loop
balanced, we measure time records ofCQ as a function
of dot detunings and B? . The excess kurtosis of these
time records, shown in Fig. 3(b), displays evenly spaced
dips with a �eld periodicity of 1 :1mT, extracted from a
sinusoidal �t of the standard deviation of CQ as a function
of B? . This period is consistent with the expectation
of 1.2 mT for a 
ux periodicity of h

2e given the litho-

FIG. 4. (a) The conditional probabilities for the outcome of
an X loop measurement given the outcome of an immediately
preceding measurement using the time record shown in Fig. 2.
Here, M P

r denote measurement outcomes; see Appendix C
for details. Using the same data, (b) shows the probability
erra that two successive X measurements give di�erent results,
plotted as a function of integration time (which can be adjusted
by coarsening of the time record, i.e. averaging over some
number of adjacent points). The optimal integration time of
2µs used for panel (a) is marked by a vertical dashed line.
The orange line is a comparison to a noise model (Eq. (C2))
using the lifetime � X and SNR of 1.35 in 1µs as extracted
from Fig. 2(e) [ 56]. The blue shading of erra marks the 95%
con�dence interval based on the length of the time record.
Panels (c) and (d) plot the same quantities as in (a),(b) but
for the Z loop measurement. The orange line in (d) is again a
comparison to a noise model using the lifetime � Z and SNR
of 0.85 in 1µs as extracted from a GMM �t to Fig. 3(d). The
optimal integration time is the timestep resolution of the data,
which is 50µs.

graphic area (� 1:7µm2) of the Z loop. At points of
maximal visibility, we observe a random telegraph sig-
nal as shown in Fig. 3(d) with a characteristic time of
� Z � 2=(� � 1

Z" + � � 1
Z# ) = 12 :4 � 0:4ms extracted from the

dwell time distribution shown in Fig. 3(c). We have con-
�rmed that no faster timescale can be distinguished when
we take time records at the same resolution of 1µs as
for the X loop. The observed timescale is an order of
magnitude longer than in Ref.42, possibly due to improve-
ments in shielding and �ltering and/or the di�erence in
aluminum geometry between the two devices.

d. Minimal Model. The large di�erence in timescales
� X and � Z clearly indicate a di�erence in physical origin,
and we now introduce a minimal model that is consistent
with these key experimental observations. The interfer-
ence patterns shown in Figs. 2 and 3 are interpreted as
arising from coherent single-electron tunneling around
the respective loops. Motivated by the TGP results ob-
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tained for this device and the challenges encountered in
�tting the Z measurement to a quasi-MZM model [42],
we model the system using an e�ective Hamiltonian for
MZMs located at the ends of the nanowires. In this
framework, electron tunneling from the quantum dots
into the wires occurs via MZMs 
 1; 
 2; 
 3; 
 4, as shown in
Fig. 1(a). Within this picture, the observed bimodality
in the quantum capacitance signal can be attributed to
stochastic switching of fermion parities associated with
the operators X � i
 1
 3 and Z � i
 1
 2 (or, equivalently,
Z � � i
 3
 4 for even/odd total parity).

Our minimal e�ective low-energy model takes the form:

H = i
X

i>j

E ij 
 i 
 j +
X

i =1 ;L

�
"QD i

+ �" i (t)
�

dy
i di

+
X

i

�
t1
X 
 1 + t3

X ei' X 
 3
�

d1 + H.c.

+
X

i

�
t3
Z 
 3 + t4

Z ei' Z 
 4
�

dL + H.c. ; (2)

where E ij describes the splitting energy of a given pair
of MZMs; "QD i

denotes the respective detuning energies
of the dots; �" i (t) represents 
uctuations in the detuning
energy of dot i ; t1;3

X , t3;4
Z are the e�ective MZM-dot cou-

plings; and ' X;Z are phases tuned via the 
uxes through
the X; Z loops. In Appendix A, we describe how this
two-dot model follows from a four-dot model. In either
measurement con�guration, noise|such as charge noise
leading to 
uctuations of the QD detuning and Majorana
splitting [ 36]|plays an important role as it can lead to
transitions that are otherwise absent at zero tempera-
ture. Here, we focus on the impact of charge noise, which
we model through 
uctuations of quantum dot detuning
�" i (t) [50]. Detuning is one of the largest scales and this
noise mechanism can be expected to be one of the dom-
inant mechanisms; other noise mechanisms will lead to
qualitatively similar behavior.

In this model, the observed RTS inX or Z basis mea-
surements arise from 
uctuations in fermion parity within
the corresponding loops. These parity changes can re-
sult from quantum or thermally-activated fermion tun-
neling between MZM pairs within the tetron, or from
extrinsic tunneling events to/from the ground (e.g., quasi-
particle poisoning) [36, 42]. Indeed, the absorption of
an above-gap excited quasiparticle by the MZMs can in-
duce a fermion parity 
ip in the X , Z , or both loops,
depending on the tunneling pathway. There is a strong
asymmetry between the hybrid wires' topological coher-
ence length and gap, and the backbone's Al coherence
length and gap. In our model, this asymmetry leads to
strong asymmetry between� X and � Z , as tunneling across
the backbone is negligible and, consequently, the leading
contribution to 1 =�Z is poisoning by external quasiparti-
cles [42]. Conversely, the dominant contribution to 1=�X
appears to be inter-MZM fermion tunneling rather than
a thermally-activated process, as evidenced by the pro-
nounced dependence on wire plunger voltages observed
in Fig. 2(i). This is because MZM couplings are expected

to be highly sensitive to wire plunger tuning, whereas the
topological gap is only weakly dependent on it. Indeed,
the prefactor of MZM splitting typically depends on the
Fermi momentum, as discussed in Refs. [57, 58].

Focusing on the e�ect of intra-wire MZM coupling, we
estimate that the parity 
ip rate in the X measurement
con�guration - assuming E12 � E34 - is given by (~ = 1):

1
� X " =#

� SN (� � E )
E 2

M

2t2

�
�( M )+

t2�� 2+4x2

2E 2
D

�( � M )
�

(3)
in the limit j�� j � j xj=t � j ED j=t � 1; see Appendix A
for derivations and expressions in other limits. Here,
ED � "QD 1

> 0, and �( M ) is the Heaviside function,
where M denotes the total fermion parity of the dot-
tetron system. The parameters are de�ned as follows: the
average intra-wire MZM coupling is EM = ( E12 + E34)=2;
the average QD-MZM tunnel coupling is t = ( t1

X + t3
X )=2;

the tunnel coupling asymmetry is x = ( t1
X � t3

X )=2; the
deviation from optimal 
ux bias is �� = ' � �= 2; the
spectral function of 
uctuations in the detuning of the dot
is SN (! ) [42]; and the energy di�erence between the two
lowest energy eigenstates is �E , see Appendix A. Notably,
the switching time � X increases exponentially with the
topological gap � P since the MZM coupling scales as
EM / exp(� L � P =v), where L is the wire length and v
is Fermi velocity [57, 58]. From Eq. (3), we observe that
when E12 and E34 are both �nite and comparable, there
is a cancellation e�ect that enhances� X in one global
parity sector - particularly when the system is tuned
to small ��; x . Away from optimal tuning we observe
� X � 2{ 5µs which is consistent with EM � 0:1{ 0:3µeV
using the model presented here, see Appendix B for details.
Additional qualitative features in Fig. 2 support this
interpretation: 
uctuations in global parity between time
records can lead to nearby 
ux points with signi�cantly
di�erent histograms, (see the rapidly-varying part of the
excess kurtosis in Fig. 2(c)), and diagonal features in the
wire plunger-wire plunger scan (panel (i)) could indicate
the condition of E12(VWP1 ) � E34(VWP2 ). Moreover, as
explained in Appendix A, a non-zeroEM can also induce
a �nite � CQ as a function of 
ux which, together with an
EM -induced sensitivity to quasiparticle poisoning (QPP),
can lead to the increased width apparent in the histogram
of panel (g) relative to panel (e). We discuss these e�ects
in more detail in Appendix A and Appendix B.

A key metric in quantifying the performance of
measurement-based qubits is the operational assignment
error erra [11] (see also Appendix C), which quanti�es
the probability of failing to obtain the same result when
repeating the same type of measurement. Fig. 4 shows
the error metrics of the X and Z loop measurements
when interpreting each data point as an independent
measurement. We �nd errors errXa = 16%, errZa = 0 :5%
corresponding to the time records shown in Figs. 2 and 3
when applying optimal integration times of 2 µs and 50µs,
respectively [59]. The asymmetry in errors is due to the
di�erence in lifetimes � Z � � X . Comparing the data to an
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error model based on �nite SNR (extracted from the his-
tograms of the time records) and �nite lifetimes (extracted
from the autocorrelation function or dwell time distribu-
tion) we �nd good agreement with the experimental data
without further �tting parameters, see Appendix C for
more details.

e. Discussion and Outlook. The results presented
here represent a signi�cant advance toward the increased
device and system complexity required for the practical
operation of topological qubits. We have characterized
the operational assigment errors forX and Z measure-
ments and extracted corresponding timescales for parity
switching. Notably, we �nd that � X and � Z di�er sig-
ni�cantly, consistent with a model in which MZMs have
small but �nite splitting energies. Thus far, we have
explored only a limited subset of the parameter space
identi�ed by the TGP{|for example, using only a single
in-plane magnetic �eld value. Nevertheless, extrapolat-
ing from the wire plunger scan in Fig. 2(i), we �nd that
the pronounced variation in � X is consistent with meso-
scopic 
uctuations, which are expected to dominate the
MZM splitting in current devices [ 60]. Looking ahead,
improvements in materials and fabrication techniques
can yield larger topological gaps and shorter coherence
lengths. These enhancements would exponentially sup-
press the typical MZM splittings and expand the usable
phase space [49, 61].

As in any interferometric measurement of low-energy
states [42], one cannot rule out non-topological explana-
tions: trivial models which include additional \hidden"
MZMs [62{ 70] can be �ne tuned to give similar results [42].
However, as continued progress is made on the roadmap
towards a topological quantum computer [11], results on
more complex devices with smallererrXa , errZa can con-
tinue to render non-topological explanations less and less
tenable.

The next key step in this roadmap is rapid sequences of
X and Z measurements, which can show that these two
measurements are not only distinct but, in fact, do not
commute. With two tetrons, measurements of the total
parity of four MZMs is possible, enabling entanglement
and braiding.
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Appendix A: Theoretical model

We now introduce a theoretical model for the quantum
capacitance measurements performed here, and the jump
processes that can occur in the measurement con�gura-
tion. To this end, we introduce an e�ective low-energy
model for the wire and adjacent quantum dots and derive
its spectrum and eigenstates. The quantum capacitance
measurement can be viewed as a quantum non-demolition
measurement that projects onto eigenstates of this Hamil-
tonian; see the discussion, e.g., in Refs.9, 42, 50, and
71 for further details on this. We then argue that noise
on the quantum dots can lead to transitions between
eigenstates of the system, as illustrated by the arrows
in the top panels of Fig. A1. These transitions can be
viewed as akin to relaxation/excitation processes between
computational basis states in conventional qubits; how-
ever, it is important to emphasize that here, they occur
speci�cally in the measurement con�guration, whereas
the computational states in a tetron are near-degenerate
when the qubit is isolated from the adjacent quantum
dots; see Ref. 11 for further discussion of this point.

We begin with a model for four MZMs 
 1,
 2,
 3,
 4 and
four dots, 1, 3, 4, and L. We ignore dot 2, which is
decoupled from the wire and the other dots during the
measurements reported in this paper. The Hamiltonian

FIG. A1. Energy spectrum of the low-energy e�ective model
as a function of detuning energy. The top row (panels (a),
(b)) shows the spectrum at the 
ux corresponding to maximal
visibility (dashed green line in Fig. A2), while the bottom row
(panels (c), (d)) shows the spectrum for 
ux corresponding to
minimal visibility (dashed purple line in Fig. A2). The left
panels ((a), (c)) show �nite E12 = E34 = 0 :5µeV, while the
right panels ((b), (d)) corresponds to E12 ; E34 = 0. The black
and gray arrows indicate noise-induced transitions between
parity eigenstates as evaluated from Eq. (A7) for ' � �= 2.
Solid (dashed) curves correspond to the even (odd) global
parity sector M = � 1.
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FIG. A2. (a) Spectrum of Hamiltonian Eq. (A2) as a func-
tion of 
ux for E ij = 0 (dotted black curves) and for
E12 = E34 = 0 :5µeV (solid orange curves), corresponding
to vanishing and non-zero Majorana overlap, respectively. Pa-
rameters are chosen to be at charge degeneracy (ED = 0)
and in the nearly balanced interferometer regime ( t1

X = 2 µeV,
t3

X = 2 :5µeV). (b) Quantum capacitance in the static (small
readout tone frequency and amplitude) and low-temperature
limit.

for this system takes the form:

H = i
X

i>j

E ij 
 i 
 j +
X

i

"QD i
dy

i di

+
X

i

tmi 
 i di +
X

[i;j ]d

t ij dy
i dj + H.c. ; (A1)

where E ij describes the splitting energy of a given pair
of MZMs; "QD i

denotes the respective detuning energies
of the 4 dots; tmi is the coupling between the MZMs
and their adjacent dots; and t ij is the dot-dot coupling
between neighboring dots (denoted by [i; j ]d). The X
measurement con�guration corresponds to a measure-
ment loop involving 
 1,
 3, dot 1, and dot 3 while the Z
measurement con�guration involves 
 3,
 4 and dots 3, L,
and 4. While t1

X = tm1 , the other e�ective couplings are

mediated through detuned dots 3 and 4:t3
X � t13tm3 =� 3,

t3
Z � t3L tm3 =� 3, t4

Z � t4L tm4 =� 4, where � 3;4 are the
detuning energies of dots 3 and 4 relative to charge degen-
eracy point. We describe how these couplings are tuned
in Appendix F. The loops are connected or disconnected
by changing the tunnel couplingst13 and t3L between the
tunneling and the fully closed regime, respectively.

We now focus on the case in whicht3L = t4L = 0 and,
hence,t3

Z = t4
Z = 0. Since dot L is disconnected from the

bottom wire, we can ignore it and introduce an e�ective
low-energy model for the tetron system comprising the
four MZMs and dot 1, which has occupancydyd and
detuning energyED � "QD 1

. This simpli�ed framework
enables an analytical evaluation of qubit error rates in
the X measurement con�guration and reveals how these
rates depend on MZM coupling, magnetic 
ux, and dot
detuning. The e�ective Hamiltonian reads

H = i
X

i>j

E ij 
 i 
 j + ED

�
dyd �

1
2

�
(A2)

+ t1
X 
 1d + t3

X ei' 
 3d + H.c. ;

Hnoise = �" 1(t)dyd (A3)

Here, E ij denotes the MZM coupling energies, andED
represents the dot detuning, assuming a single non-
degenerate level on the dot (i.e., large level spacing). We
set t1

X ; t3
X to be real and capture the phase dependence

of the tunneling elements via ' = 2 � � =(h=e) + ' 0 in
terms of the applied 
ux � and an 
ux-independent o�set
' 0. We also assume that the topological gaps in both
wires are large compared to the temperature. Charge
noise acting on the dot is modeled by the stochastic
variable �" 1(t), characterized by the spectral function
SN (! ) = 
 eff

1+exp( � !=k B T ) with 
 e� being e�ective noise
strength [50]. Henceforth, we neglectE13, E14, E23, and
E24 assuming that the trivial superconducting backbone
has a short coherence length and suppresses fermion tun-
neling processes that cross the backbone.

We now derive the e�ective Hamiltonian for a �xed
parity sector of the combined dot-tetron system. We
adopt the basis conventionjki � j QDi 
 j i
 1
 3i 
 j i
 2
 4i ,
where the state is de�ned over the quantum dot and two
fermion parity sectors of the MZMs. In this basis, the
e�ective low-energy Hamiltonian takes the form:

HM =

0

B
B
@

E D
2 t1

X � it 3
X e� i' � i (E12 � E34M ) 0

t1
X + it 3

X ei' � E D
2 0 i (E12 + E34M )

i (E12 � E34M ) 0 E D
2 t1

X + it 3
X e� i'

0 � i (E12 + E34M ) t1
X � it 3

X ei' � E D
2

1

C
C
A (A4)

Here, M = � 1 denotes the total fermion parity of the
dot-tetron system. For the even parity sector (M = � 1),

the basis states arej1; 0; 1i , j0; 1; 1i , j1; 1; 0i , and j0; 0; 0i ;
for the odd parity sector (M = +1), the basis states are
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j1; 0; 0i , j0; 1; 0i , j1; 1; 1i , and j0; 0; 1i . The upper-left and
lower-right blocks of the Hamiltonian correspond to dif-
ferent parity sectors of the dot{MZM 13 loop. The energy
spectrum of Hamiltonian (A4) as a function of magnetic

ux and dot detuning is shown in Fig. A1 and Fig. A2. In
the absence of MZM splittings, the lowest energy states are

given by EX = � 1
2

q
E 2

D + 4( t1
X

2 + t3
X

2 + 2Xt 1
X t3

X sin ' ),
where X denotes the eigenvalues of the fermion parity
operator i
 1
 3. In this idealized regime, the even and odd
total parity sectors M = � 1 are degenerate. However,
�nite MZM splittings lift this degeneracy. Additionally,
nonzeroE12=34 induce avoided level crossings at' = � ,

resulting in a �nite quantum capacitance shift � CQ at
that point, see Fig. A2.

We now analyze the e�ect of �nite MZM splittings
on noise-induced transitions between the lowest energy
states. AssumingE12; E34 � t1

X ; t3
X and j' � �= 2j �

1, the Hamiltonian HM can be block-diagonalized us-
ing a Schrie�er{Wol� transformation. In the resulting
\dressed" state basis, the e�ective Hamiltonians take
the form ~HM = H 0

M + V , where H 0
M corresponds to

E12;34 = 0 limit, and the noise Hamiltonian is given by
~HN = �" 1(t)K̂ . The perturbation and the noise operator
are expressed as:

V =

0

B
@

� A11(M )ED iE 12A12 � E34A34 0 0
� iE 12A �

12 � E34A34 A11(� M )ED 0 0
0 0 A11(M )ED iE 12A12 + E34A34
0 0 � iE 12A �

12 + E34A34 � A11(� M )ED

1

C
A ; (A5)

K̂ =

0

B
B
@

1
2 0 0 A12 + iMA 34

0 � 1
2 � A �

12 � iMA 34 0
0 � A12 + iMA 34

1
2 0

A �
12 � iMA 34 0 0 � 1

2

1

C
C
A : (A6)

Here the coe�cients are de�ned as: A11(M ) =
(E 12 � E 34 M )2 csc '

4t 1
X t 3

X
, A12 = E 12 (cot ' � i )

2t 1
X

, and A34 = E 34 csc '
2t 3

X
.

Finite MZM splittings introduce two key e�ects: (a) the
degeneracy between theM = � 1 global parity sectors
is now lifted by an energy � ED

E 12 E 34 csc '
t 1

X t 3
X

, which may
lead to a measurable di�erence in quantum capacitance
between the sectors. Notably, the e�ective Hamiltonian
~HM is symmetric under the transformation X ! � X and
' ! ' + � ; (b) within each �xed parity sector M , the
noise Hamiltonian ~Hnoise contains o�-diagonal terms, en-
abling intra-sector transitions between the lowest-energy
states j�i .

To leading order in the MZM splitting, the transition
rate can be computed using Fermi's Golden Rule:

1
� X " =#

= SN (� � E )
�
�
�h+ jK̂ j�i

�
�
�
2

: (A7)

where � E = E+ � E � while E � and j�i denote the
eigenvalues and eigenstates of the lowest-energy doublet,
corresponding to di�erent eigenvalues of the operator
X . For the sake of simplicity, we focus on the regime
j' � �= 2j � 1, and parametrizeE12;34 = EM � y, assuming
EM � j yj. Furthermore, we neglect thermally-activated
processes assuming temperature is much smaller than
topological gaps in upper and lower wires and consider
transitions that require the tunneling of a fermion between
the left and right pairs of MZMs.

Since the o�-diagonal elements ofK̂ scale linearly with
EM , the resulting transition rates 1=�X " =# are propor-
tional to E 2

M in the leading order. In the regime of small

ux detuning from the optimal point and a well-balanced
interferometer, this yields the following expression for the
transition rate:

1
� X " =#

� SN (� � E )
E 2

M

4t2

8
>>>>>><

>>>>>>:

1 + M E D
j x j ; j�� j � j ED j=t � j xj=t � 1

2�( M ) + 2( t 2 �� 2 +4 x 2 )
E 2

D
�( � M ); j�� j � j xj=t � j ED j=t � 1

16t 2

E 2
D

�( M ) + 64t 4 (4x 2 + t 2 �� 2 )
E 6

D
�( � M ); j�� j � j xj=t � 1 � j ED j=t

(A8)

Here ED > 0, t = ( t1
X + t3

X )=2 is the average tunnel coupling,x = ( t1
X � t3

X )=2 is the tunnel coupling asym-
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FIG. A3. Analysis of longer time records showcasing the exis-
tence of two timescales. (a) The 120ms long coarsened time
record (black) has discrete RTS transitions with a timescale
much longer than 10 µs as evident by the GMM classi�cation
(orange) when coarsening to an e�ective integration time of
250µs. (b) Autocorrelation of the time record of (a) without
any applyied coarsening (integration time 1 µs). One can ob-
serve two regimes of applicability for the RTS autocorrelation
model (B1) : a 4:0 � 0:5µs timescale (green) of similar order to
the timescales in Fig. 2 and a 9:3 � 0:2ms timescale (orange)
consistent with QPP and the data from �gure Fig. 3. The
extracted signals are � CQ = 109 � 1aF and � CM

Q = 75 � 6aF,
respectively.

metry, �� = ' � �= 2 is the deviation from the optimal

ux bias. The result for ED < 0 can be obtained by
applying the transformation M ! � M in Eq. (A8) . This
symmetry arises from the fact that the o�-diagonal matrix
elements in Eq.(A4) exhibit constructive or destructive
interference depending on the sign of the total parityM .
Finally, in the opposite limit where jyj � EM , the corre-
sponding rate can be obtained by substitutingEM ! y,
M ! � M in Eq. (A8) . This re
ects the symmetry of the
Hamiltonian (A4) under parity inversion.

This model captures the leading-order contributions
to X measurement lifetime due to charge noise and �-
nite MZM splittings, consistent with the experimental
observations presented in the main text.

Appendix B: Additional data and comparison to
theoretical model.

a. Multiple timescales in long time records. To fur-
ther investigate the predicted interplay of multiple time
scales | state 
ips occurring on the order of a few µs
and QPP on the order of severalms | we recorded long
time traces of 120ms length in the X measurement con-
�guration, near the tuning point used in Fig. 2. Fig. A3
shows an example time record with signi�cant coarsening
and the corresponding autocorrelation function of the
time record without applied coarsening. The coarsened
data reveals slow RTS with a characteristic time scale
of approximately 10ms, consistent with the time scales
observed in Fig. 3, which we attribute to QPP. Note that

generally one would expect the poisoning time scale of
total parity M to be faster than the poisoning of the Z
loop alone due to the increased cross section for capturing
QPs. In addition, the autocorrelation function of the
data reveals a faster time scale of the order of a fewµs
consistent with the time scales observed in the data of
Fig. 2. For these long time records both time scales can
be �tted at the same time when assuming a model of the
autocorrelation function of the form

A[CQ ](t � t0) = � 2
CQ

� (t � t0) +

 
� CQ

2

! 2

e� 2 j t � t 0j
� f

+

 
� CM

Q

2

! 2

e� 2 j t � t 0j
� s (B1)

describing two independent RTS with well-separated fast
and slow time scales,� f and � s � � f respectively. Note
that within the model presented in Appendix A the fast
time scale can depend on the total parity so that the
autocorrelation of the long time record is showing an
averaged � � 1

f = ( � � 1
X;M =+1 + � � 1

X;M = � 1)=2. The �nite
value of � CM

Q is due to changes in the spectrum of the
system as a function of total parity which are possible due
to residual values ofEM . We expect � CM

Q to be most
visible at phases' = � where � CQ is minimal as shown
in Fig. A1. To focus on the long time scale we thus used a

ux point where the oscillation of the standard deviation
of the time record shows a local minimum with respect to
B? . While in this regime � CQ can be similar to � CM

Q
as shown in Fig. A3 we expect that in the regime of high
visibility ( ' � �= 2) � CQ dominates over � CM

Q .
In conclusion, the long time record data is consistent

with the theoretical model introduced in Appendix A and
the separation of time scales by 3 orders of magnitude
justi�es studying their e�ect separately as done in Fig. 2
and Fig. 3.

b. Extracting � X over a wider range in parameter
space. To estimate the typical values of residual cou-
pling EM , it is useful to extract the timescale � X away
from the optimal tuning points. To this end, we �t the
autocorrelation function - similar to Fig. 2(h) but opti-
mized to be more robust to shorter time scales - across
a range ofB? . Additionally, we extract � X for various
gate voltage con�gurations (VWP1 ; VWP2 ) based on the
data presented in Fig. 2h. The results are summarized in
Fig. A4. We observe that typical timescales away from
optimal tuning are in the range of 2{ 5µs. Using the value
of sub-optimal � � 1

X � 
 e� E 2
M =(2t)2 with t � 2µeV and


 e� � 0:1{1 GHz [50], we estimateEM � 0:1{0:3µeV.

Appendix C: Error model

Similar to the operational assignment error for a series
of qubit measurements [11], we can de�ne an equivalent
metric for the continuous X and Z measurements that
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FIG. A4. Autocorrelation analysis over a wider range in
parameter space. (a),(b) Extracted parameters � CQ and � X

from �ts of the autocorrelation function similar to Fig. 2(h) but
over the full range of B? . The red shaded area in (b) indicates
the range of values where distinguishing between �nite � X

and the absence of a RTS becomes di�cult given the noise

oor of the analysis. For easier comparison to Fig. 2 panel (c)
replots the kurtosis for the corresponding time records. (d)
Dependence of the� X on wire plunger tuning, taking the top
1% of timescales for all detunings and B? values over the same
data and VWP1 -VWP2 range as in Fig. 2(i).

we perform here via

errOa = max r;s
�
�P(M O

r jM O
s ) � � r;s

�
� (C1)

where r; s = � 1 are the two observed measurement out-
comes for each of the measurementsM O with O = X; Z .
Here, following the notation of Ref. 11, we useM O to
denote the noisy, imperfect implementation of the projec-
tive measurementO. Note that here we are continuously
measuring so the distinction between di�erent measure-
ments is done at the level of the analysis by interpreting
the collected data points as separate measurements.

A simple qubit error model can be obtained by taking

into account the lifetime � and assignment errors due to
�nite SNR independently. This yields

erra =
1
2

h
1 � e� 2t=� erf(SNR=

p
2)2

i
; (C2)

where the squares arise from the possibility of errors ap-
pearing in either one of the measurements enteringerra .
The parameters of this model can be �xed by correspond-
ing lifetimes extracted from the autocorrelation function
(� = � X ) or dwell time histograms (� = � Z ) together with
the extracted SNR from �tting a Gaussian Mixture Model
(GMM) of the time records show in Fig. 2 and Fig. 3.
Using the expected scaling ofSNR /

p
� m , where � m is

the integration or measurement time, we then compare
the theoretical model to the experimentally extracted erra
when applying di�erent coarsening of the underlying data
points. The good agreement found in Fig. 4 indicates
that the error model captures the main e�ects leading to
the observed assignment errors.

Appendix D: Device design

The device shown in Fig. A5 represents a speci�c im-
plementation of the tetron qubit [ 9, 37]. The material
stack is similar to that described in Ref. 42, with two
key di�erences the Al nanowire is now 2:5nm thick and
the intermediate AlO x layer between the semiconductor
and HfOx gate dielectric has been removed. The InAs
quantum well, wire width, two layers of dielectrics, and
gates remain unchanged. There are two parallel 3:5µm
long, 60nm wide Al strips, epitaxially grown on the semi-
conductor, and 1µm apart. These wires are connected
to each other and the 3:0 � 1:5µm2 Al pad with a 40 nm
wide Al \backbone". The Al pad is 3 :5µm away from the
top wire and is connected to ground by a low-resistance
Ohmic contact [42]. The electron density in the quan-
tum well in the area surrounding the superconducting
wires is controlled by the �rst layer plunger gates WP1,
WP2: conducting channels are formed under two parallel
superconducting wires and the quantum well is depleted
elsewhere. The 2DEG surrounding the device is depleted
by 7 depletion gates \DGi" in Fig. A5. Helper gates \HGi"
run from the qubit region all the way to metallic Ohmic
source contacts outside the �eld of view of Fig. A5 but
near the edge of the 2DEG mesa and provide reservoirs
for the 2DEG density next to the device for DC trans-
port experiments. There are �ve quantum dots in the
device (QD1, QD2, QD3, QD4, QDL) which are laterally
con�ned by the plunger and depletion gates, which are
separated by 150nm. Dots 1 and 2 are 0:745µm long and
are perpendicular to the wires. Dots 3 and 4 are curved,
with total length of 1 :2µm, and the \long" dot is parallel
to the SC wires and is 2:4µm long.

The quantum dots are covered with corresponding dot
\plunger" QDi gates in the second layer. They set the
electrical potential and 2DEG density in each dot. The
junctions between adjacent dots, nanowires and ohmics



12

FIG. A5. Active area of a tetron qubit device with the
gate layout colored according the tuning of the underlying
2DEG. Light green indicates full depletion of the underlying
2DEG, red indicates accumulation of the underlying 2DEG,
and blue indicates tuning the underlying junction region to
the tunneling regime. The device consists of a 2DEG stack, su-
perconductor (dark green), and two layers of gates separated
by dielectric. The area surrounding the device is depleted
by the depletion gates \DGi". Plunger gates WP1,2 simul-
taneously deplete the exposed 2DEG, tune the horizontal
nanowire segments into their lowest electric subband, and
fully deplete the narrower vertical superconducting backbone.
Helper gates (red, HGi) are set to accumulation and are con-
nected to Ohmics outside of the active area to provide a 2DEG
reservoir. Quantum dot plungers are set to accumulate elec-
trons in the respective quantum dots. Cutter gates are set to
form the necessary tunnel junctions between dots, wires and
transport leads; the con�guration illustrated here is used for
transport-based tune-up steps, see Appendix F.

are controlled by the cutter gates. Quantum dot cutter
\DCij" gates control inter-dot tunnel couplings; wire cut-
ters \WCi" control the coupling between the dots and
the nanowires; and source cutter \SCi" gates control the
coupling between the small dots and the two-dimensional
electron gas (2DEG) reservoirs. In the tuning stage, the
source cutters are opened in order to enable transport
measurements, after which the source cutters are closed
to decouple the system from the leads.

FIG. A6. The di�erential local conductances at the four ends
of the two wires in the tetron device discussed in the main
text, measured at 0:5mV bias as a function of the junction
cutter and wire plunger gates. Discrete conductance steps are
visible, demonstrating the quality of the junctions.

The tetron design incorporating a backbone introduces
several key di�erences compared to the linear design used
in Ref. 42. First, the nanowires are terminated at junc-
tions, enabling a simpli�ed and more robust junction tun-
ing than the previously employed side junctions. These
junctions have been optimized for stronger coupling to
wire states and more robustness with respect to disorder,
as evidenced by the conductance plateaus observed as a
function of the wire plunger gate, shown in Fig. A6. Sec-
ond, the device design is scalable to arrays of topological
qubits [9, 11]. Third, the two-dimensional geometry of
the device leads to a more compact footprint compared to
the linear device. This results in smaller capacitive losses
in readout lines and more optimal RF performance.

The improvements in the tetron design come at the cost
of adding the backbone, which introduces several consid-
erations to the design. The 2DEG under the backbone
needs to be fully depleted to avoid low energy excitations
under the backbone that couple the two nanowires. The
superconductor screens the electric �eld from the plunger
gates, so the density of electrons under the supercon-
ductor is controlled by the lateral con�nement from the
electric �eld coming from the sides. The con�nement
depends on the width: the wider the wire, the more nega-
tive its depletion voltage. By making the backbone 20nm
narrower than the wires, the semiconductor under the
backbone will be fully depleted when the wires themselves
are tuned into the lowest subband. We have veri�ed this
in simulations, see Fig. A7.
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FIG. A7. Simulation of the depletion voltage of a wire
for varying superconductor width. The depletion voltage is
calculated as the onset in gate voltage of the lowest subband
from a cross-section of the device as described in Refs.72 and
73. In a large voltage range above the depletion voltage of
the wires, comprising the lowest subband, the backbone is
depleted.

Appendix E: Readout System

a. Dispersive gate sensing Fermion parity is mea-
sured via dispersive gate sensing [44]. The method is
similar to that of Ref. 42: an o�-chip spiral inductor is
connected to the plunger gate of a quantum dot to create
a high-impedance resonant mode that can be used to sense
the quantum capacitance of the dot. When the quantum
dot is incorporated into an interference loop, the quan-
tum capacitance of the dot becomes parity dependent.
Microwave re
ectometry then permits the detection of
small parity-dependent changes in the resonant frequency.

The readout system used for these measurements is
depicted schematically in Fig. A8. The circuit diagram
at the bottom of the schematic illustrates how the read-
out circuitry for both the X and Z loops are frequency-
domain-multiplexed on a single readout lane. Readout
circuitry for the other X loop (connected to quantum dot
2) is also present on the device, but is omitted from the
schematic for clarity. Parameters for the circuit compo-
nents and the readout modes are given in Table I.

Loop Quantum dot L [nH] C [fF] Cc [fF] f 0 [MHz] Qc Qi

Z QDL 247 197 910 722 36 160
X QD1 173 224 840 808 25 145

TABLE I. Circuit parameters for the readout circuit depicted
in Fig. A8 at 2 :3 T. The R = 20 k
 bias tee resistors are the
same for both loops. The `Quantum dot' column indicates
which dot is utilized for dispersive gate sensing. The value of
CQ depends on the device tuning and readout drive strength
but reaches up to � CZ

Q � 600 aF and � CX
Q � 300 aF.

A second readout lane, identical to the one illustrated
in Fig. A8 but without the JTWPA, triplexer, and direc-

FIG. A8. Wiring diagram for the readout system. The quan-
tum dots used for dispersive gate sensing appear in the circuit
schematic as parity-dependent quantum capacitances CQ (bot-
tom right, in the box marked `tetron device'). Parameters for
the circuit components are given in Table I.

tional coupler, is used to multiplex the dispersive gate
sensing of quantum dots 3 and 4. Measurements on these
dots are used for tuning of the device. Table II shows the
values of the inductors and the resonance frequencies for
the readout resonators used for dispersive gate sensing of
quantum dots 2, 3, and 4.

To increase SNR, a JTWPA [74] is used as the �rst am-
pli�er in the readout chain. A triplexer is inserted at the
output of the JTWPA to improve the impedance match-
ing outside of the operating bandwidth of the subsequent
isolator.

b. Diversity combining The �nite gain of the JTWPA
in our setup does not entirely overwhelm the added noise
of downstream components in the readout chain. To
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Quantum dot L [nH] f 0 [MHz]

2 278 656
3 235 692
4 185 755

TABLE II. Resonant frequencies and inductances for the
backup X loop (quantum dot 2) and the readout circuits
used for bringup (quantum dots 3 and 4).

recover some part of this lost SNR, we measure both the
signal and the idler tones and diversity combine [75] the
results.

Diversity combining is possible because, as in any para-
metric ampli�er, the mixing process that ampli�es the
signal also creates an entangled photon at the idler fre-
quency. The JTWPA used in our setup utilizes the non-
linear inductance of the Josephson junctions to amplify
the readout signal using a degenerate four-wave mixing
process. This coupling of a strong pump (at! p) and a
signal tone (! s) gives rise to an intermodulation product,
the idler tone (! i ), obeying ! s + ! i = 2 ! p. This mixing
process converts two frequency-degenerate pump photons
into a pair of entangled signal and idler photons [76]. A so-
lution to the coupled wave equations, in the limit of small
signal and an undepleted pump, relates the amplitude of
the coupled signal (as) and idler (ai ) waves [77]:

@
@x

�
as
ai

�
/

�
ay

i
ay

s

�
ei � kx : (E1)

Here x is the spatial coordinate along the transmission
line formed by the JTWPA and � k is a constant related
to the signal, pump, and idler wavevectors, and other
constants. Eq. E1 is symmetric with respect to exchange
of the signal and idler amplitudes up to prefactors. This
symmetry allows the idler to carry the same information
as the signal when the nonlinear transmission line is long.

Diversity combining is bene�cial because the noise
added by components downstream of the JTWPA is uncor-
related at the signal and idler frequencies. (And because
the JTWPA gain is �nite|in the limit of in�nite gain
there would be no bene�t from diversity combining). In
the opposite limit where the system noise at signal and
idler frequencies is uncorrelated and the noise at the sig-
nal and idler frequencies is equal, diversity combining
improves SNR by a factor of

p
2.

Measuring the idler enables two simultaneous measure-
ments of the device response with partially di�erent noise
realizations. The idler response is then mapped back
onto the signal by conjugating and rescaling it to account
for the background experienced at di�erent readout fre-
quencies. Finally, in post-processing we diversity combine
the two time-resolved measurements at the signal and
idler frequencies by summing the two tones weighted by
their respective SNR. This method, known as maximal-
ratio diversity combining, is optimal under reasonable
assumptions [75].

c. Digital �ltering The demodulated readout wave-
form typically contains power at microwave frequencies

other than the tone employed for re
ectometry. Such
spurious peaks arise from two sources: i. unwanted mix-
ing products in the JTWPA and ii. from the pickup of
low-frequency coherent signals on the plunger gates which
may then be transduced into sidebands on the readout
tone.

To suppress the e�ect of these spurious peaks we utilize
two mitigations. First, we employ a window function with
8 ns cosine edges. Second, we digitally �lter the readout
signal with 1st-order Bessel in�nite impulse response (IIR)
notch �lters centered at the spurious peaks in the readout
spectrum.

Appendix F: Device tuning

a. Transport measurements First, with all gates set
to allow for transport measurements as shown in Fig. A5
(DCij, DGi in depletion, QDi, SCi, Hi in accumulation
and WCi in the tunneling regime) we characterize the de-
pletion voltages of NWs and backbone, as well as induced
gap, and parent gap of both wire segments using local
and non-local conductance spectroscopy performed on all
four terminals of the device, using methods described in
Refs. 42 and 49.

In a � 100mV wire plunger voltage range above wire
depletion we run stage 1 and stage 2 of the TGP [42, 49]
to identify suitable clusters for the parity measurements
described in the main text. The results of stage 2 of
TGP for the clusters used in the experiments are shown
in Fig. A9. For all subsequent measurements the in-
plane magnetic �eld is set to 2:3 T, where the clusters
overlap. Having an in-plane magnetic �eld selected, and
suitable VWP1 and VWP2 ranges identi�ed, the gates SCi
are set to depletion (SCi = � 1:25 V) and the nanowires
are disconnected from the leads. Subsequently we shift to
RF measurements and calibrate the resonance frequency
of the resonators attached to QD1 and QD3 in this tuning
con�guration. We �nd resonance frequencies off QD 1 =
808MHz and f QD 3 = 692 MHz. We optimize the pump
power and frequency of the Josephson Travelling Wave
Parametric Ampli�er (JTWPA) at the high-SNR readout
frequency f QD 1 .

b. X loop interferometer balancing. Similarly to
Ref. 42, the arms of the interferometer must be balanced
in order to maximize the measured signal. TheX loop
of the tetron device is formed using two quantum dots,
where dot 1 is used for readout while dot 3 mediates an
e�ective coupling between dot 1 and the bottom wire.
The gate DC13 is used to control the interdot coupling
t13 while gate WC1 (WC3) controls the coupling tm 1
(tm 3) between dot 1(3) and the neighboring wire. These
gate voltages must be selected such that the direct cou-
pling tm 1 � t1

X is balanced with the e�ective coupling t3
X ,

where t3
X � tm 3t13=� 3 is the e�ective coupling mediated

through dot 3 and � 3 = EC 3(1 � 2ng3) is the detuning of
dot 3 controlled using QD3 with ng3 the dot gate charge.

To achieve this, we measure the response of resonators




