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The analysis of waiting times of electron transfers has recently become experimentally accessible owing
to advances in noninvasive probes working in the short-time regime. We study electron waiting times in a
topological Andreev interferometer: a superconducting loop with controllable phase difference connected to
a quantum spin Hall edge, where the edge state helicity enables the transfer of electrons and holes into separate
leads, with transmission controlled by the loop’s phase difference φ. This setup features gapless Majorana bound
states at φ = π . The waiting times for electron transfers across the junction are sensitive to the presence of the
gapless states, but are uncorrelated for all φ. By contrast, at φ = π the waiting times of Andreev-scattered holes
show a strong correlation and the crossed (hole-electron) distributions feature a unique behavior. Both effects
exclusively result from the nonlocal properties of Majorana bound states. Consequently, electron waiting times
and their correlations could circumvent some of the challenges for detecting topological superconductivity and
Majorana states beyond conductance signatures.
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Introduction. Fluctuations in electron transport can greatly
impact the performance of electronic circuits but, at the
same time, provide us with invaluable information about the
quantum-coherent behavior of conductors [1]. Charge fluc-
tuations are often analyzed by full counting statistics [2–4],
which usually concerns the zero-frequency or long-time limit.
However, experimental advances with noninvasive probes
[5–7] have now enabled access to the short-time regime with
almost single-event resolution.

A prominent, recently developed tool for the short-time
regime is the electron waiting time distribution (WTD): the
distribution of time intervals between consecutive charge
transfers. Electron WTDs provide information about tun-
neling events in mesoscopic conductors beyond average
current and noise [8–17], and have recently been measured
in quantum dots connected to metallic electrodes [6,18–20]
and superconductors [21,22]. Moreover, correlations between
waiting times indicate nonrenewal quantum transport [16],
where electron transfers are not independent or identically
distributed, making WTDs a source of information distinct
from other statistical tools [14,16,17].

In this Letter, we analyze the potential of electron WTDs
and their correlations for identifying topological superconduc-
tors hosting Majorana bound states (MBSs) [23–26]. There is
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currently an intense research activity focused on obtaining re-
liable signatures of MBSs, since the simplest one, a robust and
quantized zero-bias conductance peak [27–29], has proven in-
sufficient [30,31]. Electron waiting times in superconducting
hybrid junctions have already been proposed to character-
ize the entanglement between the electrons in Cooper pairs
[32–34] and to detect the presence of MBSs [35–39]. These

FIG. 1. (a) Andreev interferometer at the QSHI edge with mag-
netic flux φ applied through a superconductor loop. (b) Incident
electrons (blue balls) with energy within the gap � scatter off the
NL-SL-SR-NR junction only as electron transmissions to NR or
Andreev-reflected holes (red balls) into NL. Detectors D1 and D2,
respectively, placed at NL and NR, detect electrons or holes either
individually or simultaneously. NL is biased by a voltage V and NR
is at equilibrium.
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theoretical proposals extended the concept of waiting times
to both spin and electron-hole degrees of freedom, but they
have still primarily only focused on the local properties of
MBSs [35–39]. Instead, we here suggest a Majorana platform
without magnetic materials that is both conceptually sim-
ple and presents important advantages for measuring waiting
times of electrons and holes and their nonlocal properties: an
Andreev interferometer built on the edge of a quantum spin
Hall insulator (QSHI) [40–46] [Fig. 1(a)].

The QSHI features helical edge states consisting of one-
dimensional Dirac fermions characterized by spin-momentum
locking [47,48]. When proximitized by a narrow supercon-
ducting lead [49–56], the helical edge states guarantee that
only electrons tunnel through the lead and only Andreev-
converted holes are reflected [57–66]. Consequently, the
superconductor acts as a beam splitter that separates electrons
from holes into different leads and allows independent de-
tection, see Fig. 1(b). In the interferometer setup [67,68], a
superconducting loop with controllable phase difference φ is
connected to the QSHI edge [Fig. 1(a)], so that the electric
conductance at the NL or NR sides depends periodically on
φ. Importantly, recent experiments [51–53] have found that
the lowest-energy bound states formed at the SL-SR interface
are always gapless at φ = π , and thus MBSs [24,25].

Due to the lack of a gap, the topological MBSs dominate
the local and nonlocal transport across the interferometer.
We find that the waiting times for electron transfers across
our junction are sensitive to the MBSs, but are uncorrelated
with each other. By contrast, the waiting times of Andreev
reflected holes are less sensitive to the MBSs, but instead
present a strong correlation at φ ∼ π . Importantly, the crossed
(hole-electron) distributions and their correlations feature a
unique behavior characteristic of a gapless nonlocal MBS.
Consequently, electron waiting times and their correlations
constitute an alternative signature of MBSs, sensitive to their
nonlocal nature, thus circumventing the problems arising from
trivial resonant levels that naturally form in many Majorana
platforms [30].

Topological Andreev interferometer. We consider an An-
dreev interferometer at the edge of a QSHI (Fig. 1), which
comprises of a superconducting loop with a short SL-SR junc-
tion that is attached to the normal metal leads NL and NR. For
simplicity, we fix the length of each superconductor segment
to be equal, LS, and only analyze the situation where SL and
SR share an interface [Fig. 1(b)] [69]. Low-energy excitations
are described in the basis �(x) = (ψ↑, ψ↓, ψ

†
↓,−ψ

†
↑ )T , with

ψ†
σ (x) the creation operator for electrons with spin σ ∈ {↑,↓}

at position x, by the Bogoliubov-de Gennes Hamiltonian [62]

HBdG = h̄vF kxη̂3σ̂3 − μη̂3σ̂0 + �(x)η̂1σ̂0. (1)

Here, vF is the Fermi velocity, μ the chemical potential, and
the Pauli matrices η̂ j and σ̂ j act in Nambu and spin spaces, re-
spectively. We set the pair potential �(x) = � for SL, �(x) =
�eiφ for SR (φ is the superconducting phase difference),
and zero otherwise. Henceforth, we set vF = h̄ = � = 1 so
that the superconducting coherence length is ξ = h̄vF /� = 1
[70] and set μ = 0 and eV = �/2 [71], see Supplemental
Material (SM) [72]. The QSHI Andreev interferometer forms
a topological Josephson-like junction that hosts gapless MBSs

at the SL-SR interface at φ = π [25,65]. For any other trivial
junction, the bound states develop a gap around φ ∼ π . To
distinguish between topological (gapless) and trivial (gapful)
bound states, we compare below the prototypical cases φ = 0
and φ = π . Although our junction is always topological, re-
sults at φ = 0 are qualitatively equivalent to those of a trivial
bound state (for any φ), as long as its gap is comparable or
larger than the bias eV .

Electron waiting times. WTDs for phase-coherent transport
of noninteracting electrons are evaluated from the scattering
matrix [9,10,36]. Generally an Andreev interferometer has
four effective transport channels [electrons or holes (e, h),
incoming or outgoing (i, o), from the left or right leads (L, R)],
represented by the spinor � i(o) = (ψ i,(o)

eL , ψ
i(o)
hL , ψ

i(o)
eR , ψ

i(o)
hR )T .

For a given energy E , the scattering matrix connects outgo-
ing and incoming solutions of Eq. (1) as � (o) = S� (i) (see
the SM [72]). Owing to the spin-momentum locking at the
QSHI edge, here only the normal transmissions SαL,αR and
SαR,αL , with α = e, h, and the Andreev reflections SeX,hX

and ShX,eX , with X = L, R, are nonzero. From the scattering
matrix we define the idle-time probability �({τγ }) that no
particles of type γ = αX are detected during the time in-
terval τγ (for the stationary processes considered here only
time intervals are relevant). Following Refs. [10,36], we
have

�({τγ }) = det[I − S†(E )K({τγ }, E − E ′)S (E ′)], (2)

where I is the identity matrix and K is a diagonal matrix,
K({τγ }, E ) = ⊕

γ K (τγ , E ), with the kernels (see the SM
[72])

K (τγ , E ) = κe−iEτγ /2 sin(Eτγ /2)/(πE ). (3)

The linear dispersion relation of the QSHI helical edge states
allows us to naturally divide the transport window [μ,μ +
eV ] in intervals of width κ = eV/N , where N is the total num-
ber of intervals and eV the applied bias. Due to the inversion
symmetry of our setup, we only consider voltages applied to
the left lead, VL ≡ V , VR = 0. We work in the limit N → ∞
where Eq. (3) correctly applies to stationary transport [10].

We can now define Wαβ (τ ) = −〈τα〉∂2
τ �(τ ) as the proba-

bility density of detecting a particle of type β at a time τ after
having measured a particle of type α (see the SM [72]). Here,
the mean waiting time 〈τα〉 is related to the average current
for α particles, Iα = 1/〈τα〉. Analogously, we define the joint
waiting time Wαγβ (τ1, τ2) = 〈τα〉∂τ1∂

2
τ2
�, which generalizes

the waiting time distribution between particles of type α and
β to include the extra detection of a particle of type γ at an
intermediate time τ1, such that 0 � τ1 � τ2 (see the SM [72]).
The joint WTD describes correlations between consecutive
waiting times. When the waiting times are uncorrelated, the
joint distribution factorizes as the product of two waiting time
distributions [14], Wunc

αγβ (τ1, τ2) = Wαγ (τ1)Wγ β (τ2). We can
further quantify the correlations between consecutive waiting
times using the correlation function

δWαγβ (τ1, τ2) = Wαγβ (τ1, τ2) − Wαγ (τ1)Wγ β (τ2)

Wαγ (τ1)Wγ β (τ2)
. (4)

A main feature of the QSHI topological Andreev interfer-
ometer is that for an electron (say, spin-up) injected in NL,
only (spin-down) holes and (spin-up) electrons can scatter into
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FIG. 2. Local WTDs, Wee (a) and Whh (b), for LS = 0.2 (short
junction, green) and LS = 1.5 (long junction, magenta), with φ=0
for dashed lines and φ=π for solid ones. The gray (orange) shaded
region indicate the Poisson (Wigner-Dyson) distribution.

NL and NR, respectively. Thus, with electrons and holes al-
ways scattering into different leads, all local or same detector
WTDs are necessarily given by Wee and Whh, while all non-
local WTDs are given by Weh and Whe, where measurements
take place at different detectors. Similarly, Weee and Whhh are
local joint WTDs, while joint distributions combining electron
(NR) and hole (NL) measurements, like Wehe, are nonlocal.

Local waiting times. We start with the local WTDs Wαα ,
representing two consecutive detections at either NL (α = h)
or NR (α = e). It was established in Ref. [10] that the WTD of
a quantum-coherent channel with energy-independent trans-
mission is determined by its scattering probability: highly
transmitting channels result in a Wigner-Dyson distribution
[orange area in Fig. 2(a)], describing a coherent particle
flow, while low-transmitting channels result in a Poisson
distribution [gray area in Fig. 2(a)], characteristic of tunnel
transport. In both cases, the impossibility of a simultaneous
measurement of two particles at the same detector due to
the Pauli exclusion principle forces the WTDs to be zero at
τ = 0. Owing to the constrained transport at the QSHI edge,
with, e.g., |ShL,eL|2 + |SeR,eL|2 = 1, the transition between the
Wigner-Dyson and Poisson distributions is here controlled by
the length of the Andreev interferometer 2LS. Long (short)
junctions [70] with LS > ξ (LS < ξ ) give a high probability of
Andreev reflection |ShL,eL|2 (electron transmission |SeR,eL|2),
and result in a Poisson (Wigner-Dyson) distribution (see the
SM [72]). This behavior is consistent with earlier results
[10,36,39], since the scattering probabilities for the topolog-
ical Andreev interferometer are almost constant at subgap
energies (see the SM [72]). As a result, any gapped state,
at any phase φ, qualitatively follows the φ = 0 local WTDs
represented in Fig. 2 by dashed lines.

By contrast, for gapless MBSs around φ ∼ π the low-
energy electron transmission probability becomes strongly
energy dependent for long junctions due to the resonant
tunneling through the MBS [65] (also see the SM [72]).
Consequently, we find that Wee converges to the WTD of a
resonant level in the tunnel limit [10], [solid magenta line
in Fig. 2(a)], instead of evolving into a Poisson distribution
like for φ = 0. At high transmission (short junctions), the
variation with the phase of Wee is less noticeable [green lines
in Fig. 2(a)]. This is also the case for the distribution of

FIG. 3. Correlations between waiting times for three consecutive
hole detections at NL, δWhhh(τ1, τ2), for LS = 1.5 as a function of τ1

and τ2 at (a) φ = 0 and (b) φ = π .

reflected holes Whh at any transparency [Fig. 2(b)], since the
probability of Andreev reflection is |ShL,eL|2 ∼ 1 for all the
energies in the transport window (|E | � eV ).

Even though Whh is not very sensitive to the presence of
the MBS, the correlations between consecutive waiting times
for hole transfers δWhhh contain very relevant information.
We focus on long junctions, LS > ξ , which are dominated by
Andreev reflection processes and feature a more pronounced
dependence on the phase φ. For gapful states (φ = 0), the
Andreev interferometer behaves like an electron-hole beam
splitter, featuring the same correlations as a standard quan-
tum point contact for electrons [14] [Fig. 3(a)]: When the
time between two hole transfers is small, τ1 < 〈τh〉 (or long,
τ1 > 〈τh〉), the next hole detection at τ2 will require a long
(short) waiting time (red color signals positive correlations).
By contrast, gapless MBSs around φ ∼ π exhibit correlations
that seemingly explode at short waiting times, with values
increasing an order of magnitude compared to the gapful
case [Fig. 3(b)]. This means that short time intervals between
detections are the most likely. The waiting times between elec-
tron transfers, on the other hand, are completely uncorrelated,
i.e., δWeee(τ1, τ2) � Wee(τ1)Wee(τ2) (see the SM [72]).

Nonlocal waiting times. We now fully exploit the multiter-
minal advantage of the topological Andreev interferometer by
exploring the nonlocal WTDs. By definition, the distribution
Wαβ , with β = α, assumes that the first particle α has been
detected; no matter how unlikely that event is. Therefore, the
nonlocal waiting times are determined by the probability of
the second detection. Consequently, Weh (Whe) is determined
by the Andreev reflection (electron transmission) probability,
following a behavior similar to Whh (Wee), which we verify in
Fig. 4. The one marked difference between local and nonlocal
distributions is that, as particles transfer into different detec-
tors, nonlocal WTDs can be finite at zero waiting time and
also always fulfill Weh(0) = Whe(0) [36].

The nonlocal WTDs at zero waiting time have already
been established to increase in the presence of MBSs, in-
dependently of the scattering probabilities [36]. Here, we
interestingly also find that Whe(τ ), which for φ = π is deter-
mined by the Majorana-assisted electron tunneling, is further
strongly altered. Specifically, Whe(τ ) presents a dip at short
but finite waiting times. We explain this behavior as being due
to the transition between a regime dominated by the Andreev
reflection probability at τ → 0 into a regime where electron
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FIG. 4. Nonlocal WTDs, Whe (a) and Weh (b), for LS = 0.2
(short junction, green) and LS = 1.5 (long junction, magenta), with
φ=0 for dashed lines and φ=π for solid ones.

transmissions dominate at long waiting times. The former
initially reduces the probability, while the latter imposes a
behavior similar to the local distribution, Wee. The dip, or
local minimum at short waiting times, reflects this transition
and is particularly visible in the presence of Majorana-induced
resonant tunneling when the corresponding local WTD be-
comes anomalous, see Fig. 2(a). With Weh being primarily
determined by Whh, we find no such dip in Weh. This behavior
of Whe is unique to the topological Andreev interferometer,
which we confirmed by checking both local and nonlocal
WTDs for an ordinary interferometer, in the absence of any
topology.

We further find that the correlations between nonlocal wait-
ing times also show a unique dependence on the phase φ.
We focus on alternate electron-hole-electron transfers in the
long junction regime, where the phase dependence is stronger,
and study the behavior of Wehe containing the correlations
between Whe and Weh. Very short waiting times, τ1 < 〈τh〉,
show only a weak correlation with long waiting times (τ2 >

〈τe〉) for gapful states (φ = 0), but this behavior is enhanced
two orders of magnitude for gapless MBS around φ ∼ π

(Fig. 5). As mentioned above, the sequential tunneling of three
electrons Weee is uncorrelated. However, including one hole
detection between the electron transfers drastically changes
the statistics in the presence of MBSs. These results indicate
that to completely characterize gapless states in Andreev in-
terferometers, we need to compare transport processes in both
arms of the circuit. We note that Wheh, which is dominated by
Andreev reflections and thus less sensitive to the presence of
the SL-SR junction, shows negative correlations and a weak
phase dependence (see the SM [72]). The behavior of all
studied WTDs and correlations is summarized in Table I.

Concluding remarks. We have analyzed the distribution of
waiting times and their correlations for electrons and holes
emitted from a topological Andreev interferometer: a NL-SL-
SR-NR junction on the quantum spin Hall edge. Two special
features of this setup are (i) the emergence of gapless MBSs
and (ii) it acting as an electron-hole beam splitter, sending
holes and electrons to different leads. This topological An-
dreev interferometer is thus one of the simplest multiterminal
setups without magnetic elements that features MBSs and
allows us to test their nonlocal behavior. We find that the
gapless property of the MBSs makes the waiting times in-
volving Majorana-assisted electron transfers, Wee and Whe,

FIG. 5. Correlations between waiting times for the detection se-
quence electron-hole-electron between NL and NR: δWehe(τ1, τ2) for
LS = 1.5 as a function of τ1 and τ2 at (a) φ = 0 and (b) φ = π .

very special around φ ∼ π . Most importantly, the nonlocal
property of MBSs is captured in the correlations between
waiting times, see Table I. For example, the waiting times
for consecutive hole reflections and for alternate electron-hole
detections are strongly correlated for gapless Majorana states
[Fig. 3(b) and Fig. 5(b)], even if their distributions, Whh and
Weh, are almost insensitive to the phase φ.

The search for signatures of Majorana states currently faces
several challenges [30,31,73–75]. In particular, the presence
of trivial low-energy modes that mimic the local properties
of MBSs, obscuring their detection in many platforms. To cir-
cumvent the latter, the quantum spin Hall effect is a promising
platform where signatures of gapless MBSs have already been
identified experimentally, even in the presence of extra trivial
modes [51–53]. Thus, Andreev reflection and normal trans-
missions, which determine all our results, are the dominant
scattering processes. Furthermore, our analysis of nonlocal
properties of Majorana states addresses the need to go beyond
local signatures. In fact, previous studies have already ana-
lyzed the WTD of electrons tunneling into a Majorana state
[35,36,38,39] focusing on its local properties and showing
that the resonant transport through a MBS yields WTDs very
similar to that of a single (trivial) level resonance [10,36].
Therefore, our results complement earlier work by showing
that taking into account independent and simultaneous trans-
fers of electrons and holes into separate detectors (i.e., both
local and nonlocal WTDs), and the correlations between them,
yields distinctive signatures of Majorana modes. Also, despite

TABLE I. Summary of the behaviors of WTDs and joint WTDs
for LS >ξ . Here, WD and P indicate, respectively, Wigner-Dyson and
Poisson distributions.

WTD φ = 0 φ = π

Wee P Resonant level
Whh WD WD
Weh Weh(0) ≈ 0, WD Weh(0) > 0, WD
Whe Whe(0) ≈ 0, P Whe(0) > 0, P with dip
δWeee Uncorrelated Uncorrelated
δWhhh Bream splitter δWhhh ∼ 1 at τ1,2 < 〈τh〉
δWheh Low correlation Low correlation
δWehe Low correlation δWehe ∼ 0.1 at τ1 < 〈τh〉

L012062-4



NONLOCALITY OF MAJORANA BOUND STATES REVEALED … PHYSICAL REVIEW RESEARCH 6, L012062 (2024)

the challenges involved in measuring waiting times, there are
promising new advances like experimental measurements of
time-of-flight of electron excitations [76,77], in addition to
recent theoretical proposals for WTD clocks [78,79].
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