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We propose a continuous weak measurement protocol testing the nonlocality of Majorana bound states
through current shot noise correlations. The experimental setup contains a topological superconductor
island with three normal-conducting leads weakly coupled to different Majorana states. Putting one lead at
finite voltage and measuring the shot noise correlations between the other two (grounded) leads, devices
with true Majorana states are distinguished from those without by strong current correlations. The presence
of true Majorana states manifests itself in unusually high noise levels or the near absence of noise,
depending on the chosen device configuration. Monitoring the noise statistics amounts to a weak
continuous measurement of the Majorana qubit and yields information similar to that of a full braiding
protocol, but at much lower experimental effort. Our theory can be adapted to different platforms and
should allow for the clear identification of Majorana states.
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Introduction.—Throughout the past decade, the quest for
stable realizations of Majorana bound states (MBSs) has
become a major theme in condensed matter physics [1–8].
A fully manipulable MBS would pave the way to disruptive
developments, both in fundamental science and as a
building block for a new generation of quantum hardware
[9–17]. While initial proposals focused on realizations as
end states in topological semiconductor quantum wires, the
quest for the Majorana state has led to the recent discovery
of various alternative material platforms [18–23]. In all of
these, evidence for Majorana states has been reported on
the basis of tunneling spectroscopy or related local probes;
see, e.g., Refs. [7,24–38]. However, in spite of promising
signatures, more mundane explanations, such as Andreev
bound states representing pairs of “fake” Majorana states,
cannot be ruled out, and the interpretation of the experiments
continues to be debated; see Refs. [39–58]. In view of this
situation, various forms of diagnostics transcending tunnel-
ing spectroscopy have been proposed [59–96]. Basically,
these fall into two categories, local probes corroborating
evidence for the presence of genuine Majorana states albeit
still containing potential loopholes or compelling probes,
such as braiding protocols, which, however, do not seem to
be a realistic option in the immediate future.
In this Letter, we suggest a new type of diagnostic

experiment. The strategy will be to access the information
stored nonlocally in a set of at least three MBSs through the
statistical fluctuations of tunneling current probes. As we
shall show below, this yields information comparable to
that of a full-fledged braiding protocol, but at much lower

experimental effort. In fact, the hardware required to
perform the measurement is not much different from that
currently in operation and should be realizable for the
proposed Majorana platforms with present-day technology.
We note that statistical fluctuations of tunneling current
probes have also been investigated in other studies of
topological systems; see, e.g., Refs. [97–99].
Before turning to a more detailed discussion, let us

sketch the idea of the approach. Consider the schematic
representation of Fig. 1, where the dots represent MBSs
supported on a floating mesoscopic superconductor (see the
right panels of Fig. 1 for more realistic layouts). Suppose
that we measure the tunneling current I1ðtÞ flowing in
response to a voltage bias applied at the wire connecting to
MBS γ1 relative to a grounded wire connecting to γ0. This
current is sensitive to the state of the qubit operator σ1 ≡
iγ1γ0 [13,14]. Monitoring the current over short intervals of
time, a weak measurement [100,101] is effectively per-
formed, continuously steering the qubit into a state defined
by the current readout. Now assume that the current I2ðtÞ
through terminal 2 is recorded as well. This readout couples
to σ2 ≡ iγ2γ0, and the tendency to alter this operator,
noncommuting with σ1, implies incompatible readouts.
Its observable consequence is pronounced in current cross-
correlations, which, we will demonstrate, represent a
unique signature in that they are qualitatively distinct from
the noisy current in the presence of Andreev bound states,
or other low energy quasiparticle (poisoning) excitations.
More specifically, our prime observable of interest is the
current cross-correlation
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S12 ¼
Z

dt⟪I1ðtÞI2ð0Þ⟫; ð1Þ

where ⟪AB⟫ ¼ hABi − hAihBi. We will analyze this
quantity in both the presence and the absence of
tunneling bridges (see the vertical dashed lines in
Fig. 1) between the electrodes connecting to the island.
This additional structure, which can be controlled during
an experiment via gate electrodes, gives us sufficient
information to distinguish MBSs from the competing
cases mentioned above. This is because the noise profile
probes the presence of an underlying Pauli algebra,
which is a unique characteristic of the Majorana system
(alternatively diagnosed in a more elaborate braiding
protocol).
Model.—We describe the setup of Fig. 1 by the now

standard [66,74–76] Hamiltonian H¼HCþHleadsþHTþ
Href for a “Majorana-Cooper box.”HereHC¼ECðN−ngÞ2
defines the charging energy EC ¼ 2e2=C associated with
N ¼ −i∂ϕ Cooper pairs on the floating island (ϕ is the
phase of the superconductor). We consider Coulomb valley
conditions defined by a back-gate parameter ng close to an
integer value. The normal-conducting leads α ¼ 0, 1, 2 are
modeled by a Hamiltonian Hleads, with electron annihila-
tion operators cα;k for momentum k and density of states
να ¼ ν assumed to be equal for simplicity. The local
tunneling between the Majorana box and the leads is
described by

HT ¼
X

α¼0;1;2

XNα

j¼1

λjαc
†
αγ

j
αe−iϕ=2 þ H:c:; ð2Þ

where cα ¼
P

k cα;k. Here γ
j
α represent the low energy box

states at terminal α. Representing them by the Majorana
operators γjα ¼ ðγjαÞ†, fγjα; γj0α0 g ¼ 2δαα0δjj0 tunnel coupled

by amplitudes λjα, this modeling includes the cases Nα ¼ 1
of a genuine Majorana state and Nα > 1, where Andreev
states described as pairs of spatially overlapping Majorana
states [67] compromise the system. Taking note that
Majorana states carry no charge, the operator e−iϕ=2 in
Eq. (2) accounts for the removal of an island electron
charge upon tunneling. Finally, the reference arms in Fig. 1
are modeled by Href ¼

P
α¼1;2 t0;αc

†
αc0 þ H:c:, with the

gate-tunable tunneling amplitude t0;α. With V denoting
the voltage bias applied to the source lead (α ¼ 0) and Δ
the superconducting gap on the island, we consider the
parameter regime (e ¼ kB ¼ ℏ ¼ 1 throughout) jλj,
V ≪ EC, Δ at low temperatures T ≪ V. In this case,
transport through the island is dominated by cotunneling
processes, and second-order perturbation theory in the λjα
yields the effective Hamiltonian HC þHT → H̃T with

H̃T ¼ 1

2

X
α≠α0

Oαα0c
†
αcα0 þ H:c:;

Oαα0 ¼ i
XNα

j¼1

XNα0

j0¼1

tjj
0

1;αα0γ
j
αγ

j0
α0 ; ð3Þ

where tjj
0

1;αα0 ≃ iλjαðλj0α0 Þ�=EC. Where possible, we use the

simplified notation tjj
0

1;αα0 ¼ t1 and t0;α ¼ t0 throughout. The
results discussed below are all perturbative to leading order
in the dimensionless tunnel conductances g0 ≡ 2πν2jt0j2
and g1 ≡ 2πν2jt1j2 characterizing the different connectors
between leads. We assume these to be tuned to g0 ≪ 1 and
g1 ≪ 1, conditions that can be checked by designated
calibrating measurements.
Qualitative discussion.—If the wires host single

Majorana states Nα ¼ 1, the projection to the quantized
charge sector implies the parity constraint γ0γ1γ2γ3 ¼ �1,
where the presence of the disconnected Majorana state
γ3 is required to define a complete system of wire-end
states [74]. The ground state then is doubly degenerate and
defines a qubit with the above Pauli operators σ1;2 [14,15].
To lowest order in perturbation theory in the tunneling
amplitudes, the average currents flowing through the drain
leads are given by

hIα¼1;2i ¼ ðg0 þ g1 þ 2gihσαiÞV; ð4Þ

where the interference factor gi ≡ 2πν2Reðt�0t1Þ couples to
the measured eigenvalue of the respective Pauli operator σα

FIG. 1. Setup for probing Majorana bound states in a system of
topological quantum wires. (Left panel) Three of the Majorana
states (dots) on a Majorana-Cooper box with three topological
hybrid nanowires connected by a superconducting backbone
[14,15] are tunnel coupled to normal-conducting leads. The
schematic on the left indicates that one of the leads (α ¼ 0) is
biased with a voltage V and acts as a source of electrons into the
grounded drain leads (α ¼ 1, 2). Tunable tunnel couplings t0
introduce a direct link between the source and drain leads.
Andreev states are distinguished from genuine Majorana states
as pairs of MBSs γiα (with i ¼ 1, 2) centered close to the tunnel
interface (see the faded dot, representing an i ¼ 2 state in the wire
0). The cross-correlation shot noise amplitude S12 of the currents
I1 and I2 [Eq. (1)] unambiguously distinguishes between the two
types of states. (Right panels) The same experiment can be
carried out on a wide range of possible device layouts. The two
schematics on the right give examples for additional realistic
geometries using only two nanowires.
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[12,13,66]. In a way made more rigorous below, the
recording of the simultaneously flowing currents Iα in a
measurement of the cross-correlation S12 amounts to a
continuous weak measurement of σ1 and σ2. This view
implies that the system cannot settle in a pure state because
such a state would need to be a simultaneous eigenstate of
σ1 and σ2. The observable consequences of this frustration
are persistent fluctuations of I1 and I2, quantified by S12,
Eq. (1). Below we will show how this principle implies a
positive cross-correlation S12 ∼ FĪ, where Ī is the average
current and F a Fano factor of Oð1Þ. As discussed below,
this should be compared to parametrically smaller results
proportional to higher powers of the tunneling conductance
characterizing noninteracting electrons in the tunneling
limit [102]. The origin of stronger correlations in the
present system is the coupling of transport to a Pauli
algebra which effectively conditions the currents in the
arms 1 and 2 to each other.
Counting statistics.—We next derive an efficient formal-

ism to compute the cross-correlation S12 and related
statistical signatures of transport. The first step is to
integrate over the lead degrees of freedom to obtain a
reduced densitymatrix ρt in the Hilbert space corresponding
to theMajorana operators γjα.While this object by itself is not
too informative, the statistics of the chargeQα transmitted in
time t ∈ ½τ0; τ0 þ τ� through the terminals α ¼ 1, 2 is
obtained by introducing counting field factors e�ifðtÞχα=2

into the hopping amplitudes λjα and t0, where fðtÞ ¼ 1 in the
time interval of observation and fðtÞ ¼ 0 otherwise, the
quantities χ1;2 are constant counting fields, and the sign
factor refers to counting fields on the forward or backward
time evolution in ρt ¼ e−iHtρ0eiHt. Defining zα ¼ expðiχαÞ,
the density matrix ρτðz1; z2Þ then depends on the counting
parameters zα, and all cumulants of the charges Q1;2 are
obtained by taking derivatives [101,103,104],

⟪Qn
1Q

m
2 ⟫ ¼ ðz1∂z1Þnðz2∂z2Þmjz¼1 ln Trρτðz1; z2Þ: ð5Þ

The evolution equation governing ρt ¼ ρtðz1; z2Þ is given by
[105]

_ρt ¼ −i½Hq; ρt� þ 2πν2T½D12ðρtÞ þD21ðρtÞ�
þ 2πν2V

X
α¼1;2

½ðzα − 1ÞðOα0 þ t0;αÞρtðO†
α0 þ t�0;αÞ

− ðzα − 1ÞOα0ρtO
†
α0 þDα0ðρtÞ�; ð6Þ

where the superoperators

Dαα0 ðρÞ ¼
zα
zα0

Oαα0ρO
†
αα0 −

1

2
fO†

αα0Oαα0 ; ρg ð7Þ

act as Lindbladians generalized for the counting parameters
z1;2, z0 ≡ 1, and Oαα0 describes the electron transfer from
lead α0 → α; see Eq. (3). The coherent evolution in Eq. (6) is
generated by the effective Hamiltonian

Hq ¼ −ν2Λ
X
α¼1;2

ðt�0;αOα0 þ H:c:Þ − ν2Λ
2

X
α<α0

fO†
αα0 ; Oαα0 g

þ ν2V lnðΛ=2VÞ
X
α¼1;2

½Oα0; O
†
α0�; ð8Þ

where Λ ≫ V is the bandwidth of the leads.
True Majorana case.—In spite of its complicated look-

ing appearance, Eq. (6) can be solved, at least to the linear
order in V relevant to us. We first note that, in the absence
of counting parameters z1 ¼ z2 ¼ 1, the stationary solution
approaches the isotropic limit ρ0 ¼ 1

2
I2 at a timescale 1=Γ.

The rate Γ ¼ 2g1V equals twice the average current flowing
through the contact to MBS γ1, indicating that the latter sets
the timescale for the loss of information about the initial
states. Generalizing to the case of finite counting fields, we
obtain (z ¼ 1

2
z1 þ 1

2
z2 − 1) [105]

ln Trρτðz1; z2Þ

¼ Γτ
2

 
−1þ 2g0 þ g1

g1
zþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1þ zÞ2 þ 8g2i z

2

g21

s !
: ð9Þ

This result yields the full counting statistics to order V.
Specifically, the stationary limit of the current Ī ¼ hIαi
through lead α ¼ 1, 2 is given by Ī¼τ−1∂zα lnTrρ¼
ðg0þg1ÞV. This result is independent of σα and hence in
stark contrast to Eq. (4). It reflects the fact that the
continuous weak measurement of two noncommuting
Pauli operators has eradicated information about the qubit
state and sent the system to a fully mixed state. However, at
the same time, one generically encounters an increased
level of shot noise cross-correlations S12¼τ−1∂2

z1;z2 lnTrρ¼
FĪ. Here F is the positive Fano factor, which at T ¼ 0 and
in the limit Γτ ≫ 1 is obtained from Eq. (9) as

F ¼ 2g2i
g1ðg0 þ g1Þ

: ð10Þ

The most important message conveyed by this result is that
F ∼ 1, parametrically exceeding jFj ∼ g0 in the noninter-
acting limit [102]. Also notice that theOð1Þ contribution to
the zero temperature Fano factor vanishes identically for
pinched-off reference arms t0 → 0. This is because the
continuous measurement of Iα ∝ jt0 þ t1σαj2 no longer
couples to two noncommuting variables Iα;t0→0 ∝ jt1j2,
and the mechanism of large fluctuations no longer operates.
For finite but low temperatures, thermal correlations
produce a nonvanishing result for t0 → 0 with, however,
a very small Fano factor jFj ∼ T=V ≪ 1. This discussion
shows how a comparison of cross-correlations with and
without reference arms in one experimental setup will
produce qualitatively different results, signifying the pres-
ence of a Pauli algebra. Furthermore, we note that small
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hybridizations of the MBSs on the box do not affect this
qualitative picture [106].
Andreev bound states.—We next discuss how the trans-

port statistics change if at least one of the wires contains an
Andreev bound state Nα > 1. For definiteness, consider the
case N0 ¼ 2, N1 ¼ N2 ¼ 1 without reference arms, where
the source wire harbors an Andreev instead of a Majorana
state. We now need to differentiate between tunneling

amplitudes, where tjj
0

1;αα0 for α ¼ 0, and where j ¼ 1, 2
refers to the couplings between the source lead and the two
MBSs constituting the Andreev state. The resulting for-
mulas of S12 are more cumbersome. For example, under the

simplifying assumption jtjj01;10j ¼ jtjj01;20j and Imðt11�1;10t
12
1;10Þ ¼

−Imðt11�1;20t
12
1;20Þ, we obtain [105]

F ¼ ½Imðt11�1;10t
12
1;10Þ�2

ðjt111;10j2 þ jt121;10j2Þ2
: ð11Þ

Except for fine tuned choices, we always have jFj ∼ 1, as in
the true Majorana case with reference arms. This high noise
level again originates in the noncommuting nature of the
operators O10 and O20 (although they do not realize a Pauli
algebra anymore).
With these results at hand, we propose a protocol to

distinguish true vs fake Majorana states; see Table I for a
summary. For true MBSs without reference arms t0 ¼ 0,
the Fano factor jFj ¼ OðT=V; g1;2Þ is parametrically
smaller than the values jFj ¼ Oð1Þ predicted in their
presence t0 ≠ 0. If the source terminal is coupled to an
Andreev bound state, strong cross-correlations with
jFj ∼ 1, regardless of the presence or absence of reference
arms, are observed. This insensitivity of the noise level to
the presence of the link clearly signals the presence of an
Andreev state coupled to the source terminal. However, the
protocol is blind to the presence of such states in the drain
leads; see the third row of Table I. It must therefore be
repeated with the role of source and drain interchanged,
which amounts to a different choice of bias voltages. On
top of that, two more control measurements must be
performed likewise by a variation of the gate or bias
voltage. (a) To exclude false interpretations based on the
measurement jFj ≪ 1 due to the accidental fine-tuning of
parameters [e.g., Imðt11�1;10t

12
1;10Þ in Eq. (11)], the protocol

should be repeated several times with different values of the
gate potentials regulating the tunneling amplitudes. (b) We
repeat that all of the above results hold to leading order in
the tunnel conductances gα. To check for the presence of
corrections in these parameters, one may repeat the pro-
tocol for a sequence of gradually diminishing conductances
(adjustable by gate voltage). In the cases labeled ∼1 in
Table I, this will leave the Fano factor parametrically
unchanged, while for ≪ 1 a suppression ∼gα is predicted.
Quasiparticle poisoning.—The transient in- and out-

tunneling of quasiparticles through MBSs represents a

source of decoherence and noise which, if sufficiently
strong, might compromise the interpretation of the zero
frequency noise correlators S12. For completeness, we
therefore summarize a protocol [14] geared to the charac-
terization of quasiparticle poisoning processes. Consider
both t0;1 ¼ λj1 ¼ 0 such that lead 1 remains decoupled. The
current I2 in Eq. (4) then depends on the state of the MBSs
through the expectation value of σ2 (or, more generally, that
of an operator O20 if Andreev bound states are present).
Beyond a timescale τproj ≃ ðg0 þ g1Þ=ð4giÞ2V [105], the
measurement of I2 becomes projective, and a weakly
fluctuating result defined by one of the two values hσ2i →
�1 in Eq. (4) is approached. However, quasiparticle
tunneling accidentally switching the state σ2 → −σ2 will
cause discrete jumps Ī2 → Ī2 � 4giV in the readout. This
should allow for a detection of quasiparticle induced
decoherence.
Large fluctuations.—Finally, it is interesting to relate the

strong cross-correlation amplitudes indicative for the pres-
ence of noncommuting operator states to the rare event
statistics of current flow. To understand this point, consider
the probability distribution of the currents I1 and I2,
obtained from the generating function ρτðz1; z2Þ in Eq. (9),

PðI1; I2Þ ¼ −
Z

dz1
2πz1

dz2
2πz2

Trρτðz1; z2Þz−I1τ1 z−I2τ2 : ð12Þ

Focusing on the tails of the distribution Iα ≫ Ī, a straight-
forward saddle-point approximation stabilized by Γτ ≫ 1
[105] yields

PðI1; I2Þ ≃
Iα≫ĪY

α

�
Ī
Iα

�
Iατ

: ð13Þ

These tails decay exponentially, but much slower than for a
Gaussian distribution. This reflects the fact that the simul-
taneous measurement of noncommuting operators triggers
rare fluctuations stronger than those caused by the super-
position of uncorrelated fluctuations [101].
Conclusions.—We have proposed an experimental diag-

nostic for MBSs which, much as a braiding protocol,
probes the commutation relations of a Majorana algebra,

TABLE I. Qualitative behavior of the Fano factor jFj for true vs
fake Majorana states. The key observable distinguishing between
the two cases is the large value jFj in the absence of reference
arms t0 ¼ 0 for Andreev bound states. Since the protocol
diagnoses only Andreev states coupled to the source lead
α ¼ 0, experiments have to be repeated for different choices
of the source and drain leads.

t0 ≠ 0 t0 ¼ 0

True Majorana states (N0 ¼ 1, N1;2 ¼ 1) ∼1 ≪ 1
Andreev bound states (N0 ¼ 2, N1;2 ¼ 1, 2) ∼1 ∼1
Andreev bound states (N0 ¼ 1, N1;2 ¼ 2) ∼1 ≪ 1
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but which should be experimentally feasible at drastically
lower experimental effort. The approach is based on
monitoring the statistics of tunnel currents in response to
changes of a few easily accessible system parameters, the
gate-controlled tunneling contacts into the system. The
comparatively easy variability of these parameters in one
experimental run defines a structured pattern of quantitative
predictions, the “true Majorana case” being identified by a
multitude of testable conditions (as opposed to just one
signal in tunneling spectroscopy data). We therefore believe
that the experiment would yield a definite fingerprint.
Conceptually, it amounts to a continuous weak measure-
ment, the most direct approach to probing the presence of
noncommuting operators. Since the measurement outcome
qualitatively depends on the underlying operator algebra,
the recording of transport statistics as summarized in
Table I represents compelling evidence for the presence
of a Majorana qubit. While we expect the qualitative
distinction between MBSs and Andreev bound states to
display a high level of parameter tolerance, it would be
rewarding to study nonequilibrium noise for microscopi-
cally more refined models. As with conventional quantum
devices, the added information sitting in statistical fluctua-
tions would provide a higher level of realistically accessible
information on topological quantum wires than that pro-
vided by dc transport probes.
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Ferrier, R. Deblock, S. Guéron, and H. Bouchiat, Phys.
Rev. Lett. 122, 076802 (2019).

[24] V. Mourik, K. Zuo, S. M. Frolov, S. R. Plissard, E. P. A.
Bakkers, and L. P. Kouwenhoven, Science 336, 1003
(2012).

[25] S. Nadj-Perge, I. K. Drozdov, J. Li, H. Chen, S. Jeon, J.
Seo, A. H. MacDonald, B. A. Bernevig, and A. Yazdani,
Science 346, 602 (2014).

[26] M. Ruby, F. Pientka, Y. Peng, F. von Oppen, B. W.
Heinrich, and K. J. Franke, Phys. Rev. Lett. 115, 197204
(2015).

[27] S. M. Albrecht, A. P. Higginbotham, M. Madsen, F.
Kuemmeth, T. S. Jespersen, J. Nygård, P. Krogstrup,
and C. M. Marcus, Nature (London) 531, 206 (2016).

[28] M.-T. Deng, S. Vaitiekėnas, E. B. Hansen, J. Danon, M.
Leijnse, K. Flensberg, J. Nygård, P. Krogstrup, and C. M.
Marcus, Science 354, 1557 (2016).

[29] F. Nichele, A. C. C. Drachmann, A. M. Whiticar, E. C. T.
O’Farrell, H. J. Suominen, A. Fornieri, T. Wang, G. C.
Gardner, C. Thomas, A. T. Hatke, P. Krogstrup, M. J.
Manfra, K. Flensberg, and C. M. Marcus, Phys. Rev. Lett.
119, 136803 (2017).

[30] H. J. Suominen, M. Kjaergaard, A. R. Hamilton, J.
Shabani, C. J. Palmstrøm, C. M. Marcus, and F. Nichele,
Phys. Rev. Lett. 119, 176805 (2017).

[31] S. Gazibegovich et al., Nature (London) 548, 434 (2017).
[32] H. Zhang et al., Nature (London) 556, 74 (2018).

PHYSICAL REVIEW LETTERS 124, 096801 (2020)

096801-5

https://doi.org/10.1103/RevModPhys.80.1083
https://doi.org/10.1088/0034-4885/75/7/076501
https://doi.org/10.1088/0268-1242/27/12/124003
https://doi.org/10.1088/0268-1242/27/12/124003
https://doi.org/10.1146/annurev-conmatphys-030212-184337
https://doi.org/10.1146/annurev-conmatphys-030212-184337
https://doi.org/10.1038/npjqi.2015.1
https://doi.org/10.1038/npjqi.2015.1
https://doi.org/10.1393/ncr/i2017-10141-9
https://doi.org/10.1393/ncr/i2017-10141-9
https://doi.org/10.1038/s41578-018-0003-1
https://doi.org/10.1038/s41578-018-0003-1
https://doi.org/10.1070/1063-7869/44/10S/S29
https://doi.org/10.1038/nphys1915
https://doi.org/10.1103/PhysRevLett.108.260504
https://doi.org/10.1103/PhysRevLett.108.260504
https://doi.org/10.1103/PhysRevX.5.041038
https://doi.org/10.1103/PhysRevX.5.041038
https://doi.org/10.1103/PhysRevLett.116.050501
https://doi.org/10.1103/PhysRevLett.116.050501
https://doi.org/10.1103/PhysRevB.94.174514
https://doi.org/10.1088/1367-2630/aa54e1
https://doi.org/10.1103/PhysRevB.95.235305
https://doi.org/10.1103/PhysRevB.95.235305
https://doi.org/10.1103/PhysRevX.7.031048
https://doi.org/10.1103/PhysRevB.99.115117
https://doi.org/10.1103/PhysRevB.99.115117
https://doi.org/10.1103/PhysRevX.8.041056
https://doi.org/10.1126/science.aan4596
https://doi.org/10.1126/science.aao1797
https://doi.org/10.1126/science.aao1797
https://doi.org/10.1126/science.aar4426
https://doi.org/10.1021/acs.nanolett.8b02029
https://doi.org/10.1103/PhysRevLett.122.076802
https://doi.org/10.1103/PhysRevLett.122.076802
https://doi.org/10.1126/science.1222360
https://doi.org/10.1126/science.1222360
https://doi.org/10.1126/science.1259327
https://doi.org/10.1103/PhysRevLett.115.197204
https://doi.org/10.1103/PhysRevLett.115.197204
https://doi.org/10.1038/nature17162
https://doi.org/10.1126/science.aaf3961
https://doi.org/10.1103/PhysRevLett.119.136803
https://doi.org/10.1103/PhysRevLett.119.136803
https://doi.org/10.1103/PhysRevLett.119.176805
https://doi.org/10.1038/nature23468
https://doi.org/10.1038/nature26142


[33] J Ren, F. Pientka, S. Hart, A. T. Pierce, M. Kosowsky,
L. Lunczer, R. Schlereth, B. Scharf, E. M. Hankiewicz,
L. W. Molenkamp, B. I. Halperin, and A. Yacoby, Nature
(London) 569, 93 (2019).

[34] S. Vaitiekėnas, M.-T. Deng, P. Krogstrup, and C. M.
Marcus, arXiv:1809.05513.

[35] R. S. Deacon, J. Wiedenmann, E. Bocquillon, F. Domín-
guez, T. M. Klapwijk, P. Leubner, C. Brüne, E. M. Han-
kiewicz, S. Tarucha, K. Ishibashi, H. Buhmann, and L. W.
Molenkamp, Phys. Rev. X 7, 021011 (2017).

[36] E. Bocquillon, R. S. Deacon, J. Wiedenmann, P. Leubner,
T. M. Klapwijk, C. Brüne, K. Ishibashi, H. Buhmann, and
L.W. Molenkamp, Nat. Nanotechnol. 12, 137 (2017).

[37] D. Laroche, D. Bouman, D. J. van Woerkom, A. Proutski,
C. Murthy, D. I. Pikulin, C. Nayak, R. J. J. van Gulik, J.
Nygård, P. Krogstrup, L. P. Kouwenhoven, and A. Geresdi,
Nat. Commun. 10, 245 (2019).

[38] A. Fornieri, A. M. Whiticar, F. Setiawan, E. P. Marín,
A. C. C. Drachmann, A. Keselman, S. Gronin, C. Thomas,
T. Wang, R. Kallaher, G. C. Gardner, E. Berg, M. J.
Manfra, A. Stern, C. M. Marcus, and F. Nichele, Nature
(London) 569, 89 (2019).

[39] C. Moore, T. D. Stanescu, and S. Tewari, Phys. Rev. B 97,
165302 (2018).

[40] A. Vuik, B. Nijholt, A. R. Akhmerov, and M. Wimmer,
SciPost Phys. 7, 061 (2019).

[41] D. Bagrets and A. Altland, Phys. Rev. Lett. 109, 227005
(2012).

[42] J. Liu, A. C. Potter, K. T. Law, and P. A. Lee, Phys. Rev.
Lett. 109, 267002 (2012).

[43] E. Prada, P. San-Jose, and R. Aguado, Phys. Rev. B 86,
180503(R) (2012).

[44] C. K. Chiu and S. D. Sarma, Phys. Rev. B 99, 035312
(2019).

[45] A. Zazunov, S. Plugge, and R. Egger, Phys. Rev. Lett. 121,
207701 (2018).

[46] C.-X. Liu, J. D. Sau, and S. D. Sarma, Phys. Rev. B 97,
214502 (2018).

[47] H. Zhang, D. E. Liu, M. Wimmer, and L. P. Kouwenhoven,
Nat. Commun. 10, 5128 (2019).

[48] J. Cayao, E. Prada, P. San-Jose, and R. Aguado, Phys. Rev.
B 91, 024514 (2015).

[49] P. San-Jose, J. Cayao, E. Prada, and R. Aguado, Sci. Rep.
6, 21427 (2016).

[50] C. Reeg, O. Dmytruk, D. Chevallier, D. Loss, and J.
Klinovaja, Phys. Rev. B 98, 245407 (2018).

[51] G. Kells, D. Meidan, and P. W. Brouwer, Phys. Rev. B 86,
100503(R) (2012).

[52] T. D. Stanescu and S. Tewari, Phys. Rev. B 87, 140504(R)
(2013).

[53] C. Fleckenstein, F. Domínguez, N. T. Ziani, and B.
Trauzettel, Phys. Rev. B 97, 155425 (2018).

[54] C.-X. Liu, J. D. Sau, T. D. Stanescu, and S. D. Sarma,
Phys. Rev. B 96, 075161 (2017).

[55] C. Moore, C. Zeng, T. D. Stanescu, and S. Tewari, Phys.
Rev. B 98, 155314 (2018).

[56] T. D. Stanescu and S. Tewari, Phys. Rev. B 100, 155429
(2019).

[57] F. Peñaranda, R. Aguado, P. San-Jose, and E. Prada, Phys.
Rev. B 98, 235406 (2018).

[58] J. Avila, F. Peñaranda, E. Prada, P. San-Jose, and R.
Aguado, Commun. Phys. 2, 133 (2019).

[59] Y.-H. Lai, J. D. Sau, and S. D. Sarma, Phys. Rev. B 100,
045302 (2019).

[60] R. Tuovinen, E. Perfetto, R. van Leeuwen, G. Stefanucci,
and M. A. Sentef, New J. Phys. 21, 103038 (2019).

[61] S. Smirnov, Phys. Rev. B 97, 165434 (2018).
[62] K. Yavilberg, E. Ginossar, and E. Grosfeld, Phys. Rev. B

100, 241408(R) (2019).
[63] T. Jonckheere, J. Rech, A. Zazunov, R. Egger, A. L. Yeyati,

and T. Martin, Phys. Rev. Lett. 122, 097003 (2019).
[64] M. Hell, K. Flensberg, and M. Leijnse, Phys. Rev. B 97,

161401(R) (2018).
[65] S. Rubbert and A. R. Akhmerov, Phys. Rev. B 94, 115430

(2016).
[66] L. Fu, Phys. Rev. Lett. 104, 056402 (2010).
[67] C. Schrade and L. Fu, arXiv:1809.06370.
[68] A. Haim, E. Berg, F. von Oppen, and Y. Oreg, Phys. Rev.

Lett. 114, 166406 (2015).
[69] A. Haim, E. Berg, F. von Oppen, and Y. Oreg, Phys. Rev. B

92, 245112 (2015).
[70] D. E. Liu, M. Cheng, and R. M. Lutchyn, Phys. Rev. B 91,

081405(R) (2015).
[71] K. M. Tripathi, S. Das, and S. Rao, Phys. Rev. Lett. 116,

166401 (2016).
[72] T. Jonckheere, J. Rech, A. Zazunov, R. Egger, and T.

Martin, Phys. Rev. B 95, 054514 (2017).
[73] A. Grabsch, Y. Cheipesh, and C.W. J. Beenakker,

arXiv:1909.08335.
[74] B. Béri and N. R. Cooper, Phys. Rev. Lett. 109, 156803

(2012).
[75] A. Altland and R. Egger, Phys. Rev. Lett. 110, 196401

(2013).
[76] B. Béri, Phys. Rev. Lett. 110, 216803 (2013).
[77] E. Prada, R. Aguado, and P. San-Jose, Phys. Rev. B 96,

085418 (2017).
[78] J. Cayao, P. San-Jose, A. M. Black-Schaffer, R. Aguado,

and E. Prada, Phys. Rev. B 96, 205425 (2017).
[79] M. Gau, S. Plugge, and R. Egger, Phys. Rev. B 97, 184506

(2018).
[80] E. B. Hansen, J. Danon, and K. Flensberg, Phys. Rev. B 97,

041411(R) (2018).
[81] E. C. T. O’Farrell, A. C. C. Drachmann, M. Hell, A.

Fornieri, A. M. Whiticar, E. B. Hansen, S. Gronin, G. C.
Gardner, C. Thomas, M. J. Manfra, K. Flensberg, C. M.
Marcus, and F. Nichele, Phys. Rev. Lett. 121, 256803
(2018).

[82] M.-T. Deng, S. Vaitiekėnas, E. Prada, P. San-Jose, J.
Nygård, P. Krogstrup, R. Aguado, and C. M. Marcus,
Phys. Rev. B 98, 085125 (2018).

[83] E. Sela, Y. Oreg, S. Plugge, N. Hartman, S. Lüscher, and J.
Folk, Phys. Rev. Lett. 123, 147702 (2019).

[84] D. Guerci and A. Nava, arXiv:1907.06444.
[85] J. Danon, A. B. Hellenes, E. B. Hansen, L. Casparis, A. P.

Higginbotham, and K. Flensberg, Phys. Rev. Lett. 124,
036801 (2020).

[86] A. Zazunov and R. Egger, Phys. Rev. B 85, 104514 (2012).
[87] P. Virtanen and P. Recher, Phys. Rev. B 88, 144507 (2013).
[88] P. A. Ioselevich, P. M. Ostrovsky, and M. V. Feigel’man,

Phys. Rev. B 93, 125435 (2016).

PHYSICAL REVIEW LETTERS 124, 096801 (2020)

096801-6

https://doi.org/10.1038/s41586-019-1148-9
https://doi.org/10.1038/s41586-019-1148-9
https://arXiv.org/abs/1809.05513
https://doi.org/10.1103/PhysRevX.7.021011
https://doi.org/10.1038/nnano.2016.159
https://doi.org/10.1038/s41467-018-08161-2
https://doi.org/10.1038/s41586-019-1068-8
https://doi.org/10.1038/s41586-019-1068-8
https://doi.org/10.1103/PhysRevB.97.165302
https://doi.org/10.1103/PhysRevB.97.165302
https://doi.org/10.21468/SciPostPhys.7.5.061
https://doi.org/10.1103/PhysRevLett.109.227005
https://doi.org/10.1103/PhysRevLett.109.227005
https://doi.org/10.1103/PhysRevLett.109.267002
https://doi.org/10.1103/PhysRevLett.109.267002
https://doi.org/10.1103/PhysRevB.86.180503
https://doi.org/10.1103/PhysRevB.86.180503
https://doi.org/10.1103/PhysRevB.99.035312
https://doi.org/10.1103/PhysRevB.99.035312
https://doi.org/10.1103/PhysRevLett.121.207701
https://doi.org/10.1103/PhysRevLett.121.207701
https://doi.org/10.1103/PhysRevB.97.214502
https://doi.org/10.1103/PhysRevB.97.214502
https://doi.org/10.1038/s41467-019-13133-1
https://doi.org/10.1103/PhysRevB.91.024514
https://doi.org/10.1103/PhysRevB.91.024514
https://doi.org/10.1038/srep21427
https://doi.org/10.1038/srep21427
https://doi.org/10.1103/PhysRevB.98.245407
https://doi.org/10.1103/PhysRevB.86.100503
https://doi.org/10.1103/PhysRevB.86.100503
https://doi.org/10.1103/PhysRevB.87.140504
https://doi.org/10.1103/PhysRevB.87.140504
https://doi.org/10.1103/PhysRevB.97.155425
https://doi.org/10.1103/PhysRevB.96.075161
https://doi.org/10.1103/PhysRevB.98.155314
https://doi.org/10.1103/PhysRevB.98.155314
https://doi.org/10.1103/PhysRevB.100.155429
https://doi.org/10.1103/PhysRevB.100.155429
https://doi.org/10.1103/PhysRevB.98.235406
https://doi.org/10.1103/PhysRevB.98.235406
https://doi.org/10.1038/s42005-019-0231-8
https://doi.org/10.1103/PhysRevB.100.045302
https://doi.org/10.1103/PhysRevB.100.045302
https://doi.org/10.1088/1367-2630/ab4ab7
https://doi.org/10.1103/PhysRevB.97.165434
https://doi.org/10.1103/PhysRevB.100.241408
https://doi.org/10.1103/PhysRevB.100.241408
https://doi.org/10.1103/PhysRevLett.122.097003
https://doi.org/10.1103/PhysRevB.97.161401
https://doi.org/10.1103/PhysRevB.97.161401
https://doi.org/10.1103/PhysRevB.94.115430
https://doi.org/10.1103/PhysRevB.94.115430
https://doi.org/10.1103/PhysRevLett.104.056402
https://arXiv.org/abs/1809.06370
https://doi.org/10.1103/PhysRevLett.114.166406
https://doi.org/10.1103/PhysRevLett.114.166406
https://doi.org/10.1103/PhysRevB.92.245112
https://doi.org/10.1103/PhysRevB.92.245112
https://doi.org/10.1103/PhysRevB.91.081405
https://doi.org/10.1103/PhysRevB.91.081405
https://doi.org/10.1103/PhysRevLett.116.166401
https://doi.org/10.1103/PhysRevLett.116.166401
https://doi.org/10.1103/PhysRevB.95.054514
https://arXiv.org/abs/1909.08335
https://doi.org/10.1103/PhysRevLett.109.156803
https://doi.org/10.1103/PhysRevLett.109.156803
https://doi.org/10.1103/PhysRevLett.110.196401
https://doi.org/10.1103/PhysRevLett.110.196401
https://doi.org/10.1103/PhysRevLett.110.216803
https://doi.org/10.1103/PhysRevB.96.085418
https://doi.org/10.1103/PhysRevB.96.085418
https://doi.org/10.1103/PhysRevB.96.205425
https://doi.org/10.1103/PhysRevB.97.184506
https://doi.org/10.1103/PhysRevB.97.184506
https://doi.org/10.1103/PhysRevB.97.041411
https://doi.org/10.1103/PhysRevB.97.041411
https://doi.org/10.1103/PhysRevLett.121.256803
https://doi.org/10.1103/PhysRevLett.121.256803
https://doi.org/10.1103/PhysRevB.98.085125
https://doi.org/10.1103/PhysRevLett.123.147702
https://arXiv.org/abs/1907.06444
https://doi.org/10.1103/PhysRevLett.124.036801
https://doi.org/10.1103/PhysRevLett.124.036801
https://doi.org/10.1103/PhysRevB.85.104514
https://doi.org/10.1103/PhysRevB.88.144507
https://doi.org/10.1103/PhysRevB.93.125435


[89] A. Zazunov, R. Egger, M. Alvarado, and A. Levy Yeyati,
Phys. Rev. B 96, 024516 (2017).

[90] A. Zazunov, A. Iks, M. Alvarado, A. Levy Yeyati, and R.
Egger, Beilstein J. Nanotechnol. 9, 1659 (2018).

[91] J. Cayao, A. M. Black-Schaffer, E. Prada, and R. Aguado,
Beilstein J. Nanotechnol. 9, 1339 (2018).

[92] A. Schuray, A. L. Yeyati, and P. Recher, Phys. Rev. B 98,
235301 (2018).

[93] C. Schrade and L. Fu, Phys. Rev. Lett. 120, 267002 (2018).
[94] J. Cayao and A.M. Black-Schaffer, Eur. Phys. J. Spec.

Top. 227, 1387 (2018).
[95] O. A. Awoga, J. Cayao, and A.M. Black-Schaffer, Phys.

Rev. Lett. 123, 117001 (2019).
[96] J. Schulenborg and K. Flensberg, Phys. Rev. B 101,

014512 (2020).
[97] D. Chevallier, M. Albert, and P. Devillard, Europhys. Lett.

116, 27005 (2016).
[98] S. Mi, P. Burset, and C. Flindt, Sci. Rep. 8, 16828 (2018).
[99] R. S. Souto, K. Flensberg, and M. Leijnse, arXiv:1910.

08420.

[100] A. A. Clerk, M. H. Devoret, S. M. Girvin, F. Marquardt,
and R. J. Schoelkopf, Rev. Mod. Phys. 82, 1155 (2010).

[101] H. Wei and Y. V. Nazarov, Phys. Rev. B 78, 045308 (2008).
[102] T. Martin and R. Landauer, Phys. Rev. B 45, 1742 (1992).
[103] A. Franquet and Y. V. Nazarov, Phys. Rev. B 95, 085427

(2017).
[104] A. Franquet and Y. V. Nazarov, Phys. Rev. A 100, 062109

(2019).
[105] See Supplemental Material at http://link.aps.org/

supplemental/10.1103/PhysRevLett.124.096801 for expli-
cit derivations of several of our results.

[106] The result (10) displays a high degree of robustness with
respect to finite coupling terms ∼iγ1γ0 and ∼iγ2γ0 in the
effective Hamiltonian Hq. We find a slightly higher degree
of sensitivity with respect to the term ε12iγ1γ2. However, F
stays of order unity as long as ε212 ≲ Λ2½ν2Reðt�0t1Þ�2 is
fulfilled. We note that in our proposed geometries γ1 and γ2
are hosted by different topological wires such that we
expect the corresponding hybridization jε12j to be suffi-
ciently small.

PHYSICAL REVIEW LETTERS 124, 096801 (2020)

096801-7

https://doi.org/10.1103/PhysRevB.96.024516
https://doi.org/10.3762/bjnano.9.158
https://doi.org/10.3762/bjnano.9.127
https://doi.org/10.1103/PhysRevB.98.235301
https://doi.org/10.1103/PhysRevB.98.235301
https://doi.org/10.1103/PhysRevLett.120.267002
https://doi.org/10.1140/epjst/e2018-800101-0
https://doi.org/10.1140/epjst/e2018-800101-0
https://doi.org/10.1103/PhysRevLett.123.117001
https://doi.org/10.1103/PhysRevLett.123.117001
https://doi.org/10.1103/PhysRevB.101.014512
https://doi.org/10.1103/PhysRevB.101.014512
https://doi.org/10.1209/0295-5075/116/27005
https://doi.org/10.1209/0295-5075/116/27005
https://doi.org/10.1038/s41598-018-34776-y
https://arXiv.org/abs/1910.08420
https://arXiv.org/abs/1910.08420
https://doi.org/10.1103/RevModPhys.82.1155
https://doi.org/10.1103/PhysRevB.78.045308
https://doi.org/10.1103/PhysRevB.45.1742
https://doi.org/10.1103/PhysRevB.95.085427
https://doi.org/10.1103/PhysRevB.95.085427
https://doi.org/10.1103/PhysRevA.100.062109
https://doi.org/10.1103/PhysRevA.100.062109
http://link.aps.org/supplemental/10.1103/PhysRevLett.124.096801
http://link.aps.org/supplemental/10.1103/PhysRevLett.124.096801
http://link.aps.org/supplemental/10.1103/PhysRevLett.124.096801
http://link.aps.org/supplemental/10.1103/PhysRevLett.124.096801
http://link.aps.org/supplemental/10.1103/PhysRevLett.124.096801
http://link.aps.org/supplemental/10.1103/PhysRevLett.124.096801
http://link.aps.org/supplemental/10.1103/PhysRevLett.124.096801

