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Recent pioneering works have set the stage for exploring anyon braiding statistics from negative current
cross-correlations along two intersecting quasiparticle beams. In such a dual-source-analyzer quantum
point contact setup, also referred to as “collider,” the anyon exchange phase of fractional quantum Hall
quasiparticles is predicted to be imprinted into the cross-correlations characterized by an effective Fano
factor P. In the case of symmetric incoming quasiparticle beams, conventional fermions result in a
vanishing P. In marked contrast, we observe signatures of anyon statistics in the negative P found both for
the /3 Laughlin quasiparticles at filling factor v = 1/3 (P &~ —2, corroborating previous findings) and for
the e/5 quasiparticles in the hierarchical state v =2/5 (P = —1). Nevertheless, we argue that the
quantitative connection between a numerical value of P # 0 and a specific fractional exchange phase is
hampered by the influence of the analyzer conductance dependence on the voltages used to generate the
quasiparticles. Finally, we address the important challenge how to distinguish at v = 1/3 between negative
cross-correlations induced by a fractional braid phase and those resulting from a different Andreev-like
mechanism. Although with symmetric sources P does not exhibit signatures of a crossover when the
analyzer is progressively detuned to favor Andreev processes, we demonstrate that changing the balance

between sources provides a means to discriminate between the two mechanisms.

DOI: 10.1103/PhysRevX.13.011030

I. INTRODUCTION

Avariety of exotic quasiparticles are predicted to emerge in
low-dimensional systems, beyond classification into bosons
and fermions [1-7]. In the archetypal regime of the fractional
quantum Hall effect (FQHE), the presence of quasiparticles
carrying a fraction of the elementary electron charge e is by
now firmly established [8-21]. These quasiparticles are
furthermore predicted to exhibit unconventional behaviors
upon interexchange, different from bosons and fermions,
and were accordingly coined any(-)ons [22]. Such a pos-
sibility results from the topological modification intro-
duced by a double exchange (a braiding) under reduced
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dimensionalities [23]. Exchanging two fractional quasipar-
ticles can either add a factor exp(i@) with an exchange phase
0 smaller than the fermionic z (Abelian anyons) or result in a
drastic change of the wave function not possible to reduce to a
simple phase factor (non-Abelian anyons). Notably, the
Laughlin FQHE series at electron filling factor per flux
quantum v =1/2p+1) (p €N) is predicted to host
fractional quasiparticles of charge ve and exchange phase
0 = vr as elementary excitations [24-26]. Even more
exotic non-Abelian anyons of charge e¢/4 are expected at
v=15/21[7,27,28] (see Refs. [29,30] for heat conductance
measurements supporting the non-Abelian character).
Providing experimental evidence of a fractional exchange
phase proves more challenging than the fractional charge. It
is only recently that the first convincing signatures were
detected at v = 1/3, from 27/3 phase jumps in an electronic
interferometer [31] and through negative cross-correlations
in a source-analyzer setup [32].

The two methods are complementary, and, specifically,
the second [33] promises to be remarkably adaptable
to different platforms, including fractional charges propa-
gating along integer quantum Hall channels [3,34,35].

Published by the American Physical Society
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The present work builds upon this source-analyzer
approach, by exploring the discerning character of cross-
correlation signatures and by expanding the investigation to
a different type of anyon.

We first reexamine the v = 1/3 Laughlin fractional
quantum Hall state. The observations of Ref. [32] are
corroborated over an extended range of analyzer tunings as
well as to lower temperatures. Remarkably, the qualitative
signatures of anyon statistics are found to be robust to the
setting of the analyzer. This insensitivity even blurs the
frontier with a distinct Andreev-like mechanism [36,37]
that does not involve an unconventional braid phase.
Nevertheless, we show that it is possible to distinguish
anyon braiding by changing the symmetry between
sources. In addition, the remarkable data-theory quantita-
tive agreement previously observed is reproduced here.
However, we show that it relies on a specific normalization
choice of the cross-correlation signal. In essence, extracting
direct quantitative information regarding the value of the
exchange phase 6, beyond its fractional character, is
impeded by the accompanying influence of the analyzer
conductance. Then, we investigate the hierarchical (Jain)
v =2/5 state, where e¢/5 quasiparticles are predicted to
have a different fractional exchange phase of 3z/5. The
v =12/5 observation of negative cross-correlations with
symmetric sources provides a qualitative signature for the
anyon character of these quasiparticles.

II. PROBING ANYON STATISTICS
WITH CROSS-CORRELATIONS

The setup probing unconventional anyon statistics is
schematically illustrated in Fig. 1(a). It is composed of two
random sources of quasiparticles impinging on both sides
of a central “analyzer” constriction. Signatures of uncon-
ventional exchange statistics are encoded into the cross-
correlations between current fluctuations along the two
outgoing paths (51;51). In the limit of dilute sources of
anyon quasiparticles and of a nearly ballistic short central
constriction, theory predicts negative cross-correlations that
depend on the balance between the two sources and persist
at symmetry [3,33,34]. In this section, we first discuss
the theoretical origin of the connection between cross-
correlations and exotic anyon exchange phase 6. Then, the
discriminating character of this signal, to attest of a non-
trivial fractional phase, is assessed by comparing with
expectations in different configurations.

How do cross-correlations connect with anyon statistics?
Initially, an intuitive interpretation of the predicted cross-
correlations was proposed in terms of a partial bunching of
colliding quasiparticles [33]. However, a collision involves
two almost simultaneously incoming quasiparticles, and it
was recently pointed out that this contribution becomes
negligibly small for sources in the considered limit of
dilute, randomly emitted quasiparticles [3,34] (a rapidly
diminishing signal, as the square of the dilution ratio, is
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FIG. 1. (a) Source-analyzer setup. Quantum point contacts
(pairs of facing triangles) at the top left (QPC,) and bottom right
(QPC,) in the weak backscattering (WBS) regime constitute
sources of quasiparticles of fractional charge e*. The emitted
quasiparticles propagate toward the central analyzer QPC,. along
quantum Hall edge channels depicted by lines with arrows
(inactive channels not shown). Cross-correlations (51;51) in-
form on the statistics. (b) Braid-induced mechanism. Analyzer
tunnelings [double arrow in (a)] result from interferences between
the generation of a quasiparticle-quasihole pair across QPC,
(blue double arrow) after (i) or before (ii) the passing of incident
quasiparticles (one represented with a red arrow). The process
cancels for a trivial braid phase 2z. (c) Sample e-beam micro-
graph. Metallic gates on the surface of a Ga(Al)As heterojunction
appear darker with bright edges. QPC,;, are tuned to matching
transmission ratios 7, % 7, of the active channel. The source
imbalance I_ = I, — I, is controlled with V, — V;,. We set V), = 0
except for the separate shot noise characterization of the central
analyzer QPC,., which is performed with a direct voltage bias
(Vi=V,and V, =0).

also expected from a classical model [33]). The same
theoretical prediction was instead attributed to a different
interference mechanism, between two different processes
labeled (i) and (ii) in Fig. 1(b). These correspond to the
thermal excitation of a quasiparticle-quasihole pair across
the analyzer constriction before, or after, the transmission
of quasiparticles emitted from the sources [3,34,38]. This is
schematically illustrated in Fig. 1(b) in the presence of a
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single incident quasiparticle. Importantly, such an interfer-
ence can be mapped onto a braiding between incident and
thermally excited anyons [39], and it cancels for a trivial
braid phase 26 = 0 (mod 27). The pairs generated across
the analyzer constriction through this braiding mechanism
directly result in a current cross-correlation signal, whose
mere existence for symmetric incoming beams constitutes a
first marker of unconventional anyon statistics. Moreover,
incident quasiparticles from opposite sources are associated
with a braiding along inverse winding directions and,
therefore, contribute with opposite signs to the relevant
total braid phase [3,34]. For example, two quasiparticles
incident from opposite sides within a time window shorter
than h/kzT (with T the temperature) are associated with a
null total braid phase, leading to a breakdown of this
transport mechanism across the analyzer (see Ref. [38] for
the detailed dependence in the time delay). Consequently,
the cross-correlations resulting from a nontrivial braiding
depend on the balance between the beams of incoming,
randomly emitted quasiparticles, which constitutes a sec-
ond complementary marker. As recapitulated in Table I,
these two markers combined together provide a strong
qualitative signature of an underlying nontrivial anyon
statistics.

III. EXPERIMENTAL IMPLEMENTATION

The device shown in Fig. 1(c) is realized on a Ga(Al)As
two-dimensional electron gas of density 1.2 x 10'! cm™2
located 140 nm below the surface. It is cooled at a
temperature 7 ~35 mK (if not stated otherwise) and
immersed in a strong perpendicular magnetic field B
corresponding to the middle of the quantum Hall effect
plateau at filling factors v =1/3, 2/5, and 2 (see
Appendix C for v = 2). In the quantum Hall regime, the

TABLE 1. Cross-correlations with dilute beams of incident
quasiparticles. Both the cross-correlation sign and evolution
between symmetric sources (Sym.) and a single source (Asym.)
are compulsory to distinguish between different transport mech-
anisms involving tunneling quasiparticles of charge e, .. Paren-
theses indicate a signal that emerge for nondilute incident beams,
and a —— signifies a larger amplitude. See Ref. [35] for the
predictions of positive cross-correlations with two interacting
channels of the integer quantum Hall effect (IQHE) and
Refs. [36,37] for the prediction and observation of an Andreev
mechanism giving rise to symmetry-independent negative cross-
correlations when the analyzer is set to favor the tunneling of
quasielectrons.

System Cross-correlation
Platform (mechanism) ey e Sym. Asym.
Laughlin FQHE (braiding) ve ve - -
Laughlin FQHE (Andreev) ve e - -
Free fermions e e 0 (=)
Interacting IQHE channels e e + (=)

current flows along chiral edge channels are depicted as
lines with arrows indicating the propagation direction. At
v =2/5 and 2, there are two copropagating quantum Hall
channels with the same chirality, although, for clarity, only
the active one in which nonequilibrium quasiparticles are
injected is displayed in Fig. 1.

The sources and analyzer constrictions are realized by
voltage-biased quantum point contacts (QPCs) tuned by
field effect using metal split gates (darker with bright
edges). The source QPCs located in the top left and bottom
right in Fig. 1(c) are referred to as QPC, and QPC,,
respectively. The central analyzer QPC is referred to as
QPC.. The sources are connected to the downstream QPC,
by an edge path of approximately 1.5 pm.

In the following, we first discuss the characterization of
the current fraction going through the source and analyzer.
Then, we detail the determination of the fractional charges
of the tunneling quasiparticles and whether this charac-
terization can be performed simultaneously with the meas-
urement of the main cross-correlation signal or separately.

A. QPC transmission

QPC, ;, . are first characterized through the fractions 7, , .
of (differential) current in the active channel transmitted
across the constriction:

avt(b)
Tt<b>EL M -1 +1, (1)
Vetf th(b)
e \2(1=1,)  2(1=7,))"

with the partial derivatives given by lock-in measurements
and where v, is the effective filling factor associated with
the conductance v g e?/h of the active channel (v = v if
there is a single channel, v = 1/15 for the inner channel
at v = 2/5, and vg; = 1 for each channel at v = 2). Note
that we follow the standard convention for the definition of
the transmission direction across the QPCs’ split gates, as
indicated by dashed lines in Fig. 1(c). The so-called strong
backscattering (SBS) and weak backscattering (WBS)
regimes correspond to 7 < 1 and 1 — 7 < 1, respectively.
As discussed below and illustrated in Fig. 1(a), the sources
and analyzer are normally set in the WBS regime to emit
and probe the statistics of fractional quasiparticles. The top-
right inset in Fig. 2(c) displays such 7,; . measurements.

B. Quasiparticle sources
Applying a voltage bias V() excites the quantum Hall
edge channel at the level of QPC,, (except for
7y5) € {0, 1}), hence generating a quasiparticle carrying
current /) propagating toward the analyzer. The nature of
these quasiparticles depends on the tuning of the QPCs. For
Laughlin fractions v, their charge is predicted to be e at
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FIG. 2. Cross-correlation signature of anyons at v = 1/3 with symmetric sources. All QPCs are in the WBS regime (z,;, =~ 0.96,
7. ~(.7; see schematic illustration and inset in (c)]. (a),(b) Shot noise characterization of (a) the charge of the quasiparticles emitted
from the sources QPC,, [I, =1, + 1}, Sy given by Eq. (4)] and (b) the tunneling charge across the analyzer QPC,. A source bias
V, =V, (Vi = 0) is applied for the simultaneous measurements in (a) and (c), whereas V, = V} (V, = 0) implements a direct voltage
bias of QPC., in (b). The noise data (symbols) match the predictions for e¢/3 (red lines). (c¢) Cross-correlations in the symmetric source-
analyzer configuration. The effective Fano factor P is obtained from a linear fit (dashed line) of the slope of the normalized cross-
correlation data (symbols) plotted as a function of Sy. Here, P ~ —1.9. Inset: QPC transmission.

71 and ve at 1 —7 <1 [10,11]. We characterize the
charge e, of the quasiparticles emitted at QPC,, by
confronting the fluctuations of I,;) with the standard,

phenomenological expression for the excess shot noise
[40,41]:

2
Vefr€

(o1%) ;

exe = 2€° 79 (1 = 7%)

¥ 2kgT
V{cothe V. _2ks ], (3)

2kyT 'V

where SI=1—(I), (61%) oy = (61*) (V) — (61?)(0), I = 11,
e = ey, V ="Vyp),and 79 is an alternative definition of
7y(») With the derivative in Eq. (1) replaced by the ratio of
the dc voltages. Note that the charge e¢* is extracted
focusing on e*V > kpT, while the coth transient is
only a rough approximation to the predicted low-voltage
behavior [42,43]. In practice, we measure the auto- and
cross-correlations of 6/; p and not directly the current
fluctuations emitted by the sources. The main approach
here used to determine the shot noise from the sources is to
consider the measured noise sum defined as

SZ = <5li>exc + <5I%€>exc + 2<51L51R>- (4)

Current conservation (I, + I, = I; + I) together with the
absence of current correlations between sources expected
from chirality ({(61,61,) = 0) imply

<51%>exc + <61127>exc = Ss. (5)

This approach is systematically used simultaneously with
the measurement of the anyon statistics cross-correlation
signal. With two active sources in this case (both V,;, # 0),
Ss informs us on the weighted average of ¢, and e, [see,
e.g., Fig. 2(a)]. Such an approach is also applied with a
single active source, sweeping V) at fixed V) = 0. For
perfectly independent sources, the increase of Sy then
corresponds to the excess shot noise across QPC,),
providing us separately with the quasiparticles’ charge
e,»)- (As discussed later, some imperfections may, how-
ever, develop.) Note that, when possible, we check the
consistency of the extracted charges e,;, with the values
obtained by setting the analyzer to a full transmission or a
full reflection (z, € {0, 1}), where there is a straightfor-
ward one-to-one correspondence between I, and I g.
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C. Analyzer tunneling charge

The individual shot noise characterization of QPC,
requires the application of a direct voltage bias, as opposed
to incident currents composed of nonequilibrium quasi-
particles. Hence, it must be performed in a dedicated,
separate measurement. In practice, we set V, =1V, at
V, = 0 [see Fig. 1(c); elsewhere, V} = 0] without changing
the gate voltage tuning of any of the QPCs, and we measure
the resulting cross-correlations (51;61) (see Fig. 14 in
Appendix E for the less robust autocorrelation signal).
Fitting the noise slopes with the negative of the prediction
of Eq. (3) provides us with the characteristic charge e, of
the quasiparticles transmitted across QPC,. [see Figs. 2(b)
and 7(b)].

D. Experimental procedure

With these tools, the device is set to have two sources
of transmission probabilities that remain symmetric
7, =% 7, and with the same fractional quasiparticle charges
e, ~ e, ~e*, over the explored range of bias voltages of
typically V,, <100 pV. Atv = 1/3,2/5, and 2, we focus
on e¢*/e~1/3, 1/5, and 1, respectively. The symmetry
between the two quasiparticle beams impinging on the
analyzer is then controlled through V, and V, and char-
acterized by the ratio |I_/I,| with I.=1,£1,. The
analyzer QPC, is normally set to the same tunneling charge
e. ~ e* to investigate the fractional exchange phase of e*
quasiparticles, although a broader range of e. is also
explored at v = 1/3 by tuning the analyzer QPC, away
from the WBS regime.

IV. THEORETICAL PREDICTIONS

We recapitulate the cross-correlation predictions for free
electrons [40] and anyons of the Laughlin series [33,34,44].
Other related theoretical developments include the recent
extensions to copropagating integer quantum Hall channels
in interactions [35], to fractional charge injected in integer
quantum Hall channels [3], to non-Abelian anyons [34], to
high frequencies [45], and to Laughlin quasiparticles with a
controlled time delay [38].

A. Effective Fano factor

The statistics is specifically investigated through the
effective Fano factor P defined as

(61,51,)

P P D A
SZTC(I - Tc)

, (6)

with a denominator chosen to minimize the direct, voltage-
dependent contribution of the shot noise from the sources,
thus focusing on the signal of interest generated at the
analyzer. This expression generalizes the definition of P
introduced in Ref. [33] beyond the asymptotic limits
1 —-1;,.<1 (where at large bias Sy = 2e*l,), in the

same spirit as in Ref. [32]. Note that 7, in the denominator
remains the simultaneously measured differential trans-
mission probability given by Eq. (2) including in the
presence of asymmetric incident quasiparticle beams.
This is in contrast to Ref. [33] with quantitative conse-
quences for asymmetric sources as further discussed in
Sec. IV C.

B. Fermions

In the Landauer-Biittiker framework for noninteracting
electrons, the cross-correlations can be written as [40]

wummz—%xrwawwm/ﬁd4a—nwm,<n

where f, , are the energy distribution functions of electrons
incoming on QPC, from the top (7) and bottom (b) paths.
The cross-correlations and, consequently, P are, thus,
expected to robustly vanish in the symmetric limit, when-
ever f,~f, (positive cross-correlations are expected
within the bosonic density wave picture emerging for
interacting, adjacent integer quantum Hall channels
[35]). Furthermore, in the dilute incident beam limit where
|f; — f»| < 1, P remains asymptotically null even in the
presence of an asymmetry. In this limit and for symmetric
configurations, the contrast is, thus, particularly striking
with the cross-correlations predicted for anyons.

C. Anyons

Theoretical solutions for the source-analyzer setup were
obtained for Laughlin fractions v =1/(2p + 1) at low
temperatures (e*V,, > kgT), in the WBS regime of the
source QPC;, (1 -1, < 1), and in both the WBS
(1 -7, < 1) [33] and SBS (z, < 1) [36] regimes for the
analyzer QPC,.

1. Braiding

We consider configurations with all QPCs in the WBS
regime (1 —17,, . < 1), where the occurrence of a non-
trivial fractional exchange phase € between anyons is
predicted to play a crucial role [33,34,44]. The prediction
for the effective Fano factor P defined in Eq. (6) with z,
given by Eq. (2) reads [33]

PYBS(L_/1,) = ~45/(1 - 44)

(1—-4A)7!
1_/1 tan 27A + —————
-/ +|{<an At tan 27z A

X tan {(4A — 2) arctan |I‘/I+|] } (8)

tan 27 A

with I, =1, £ I, and A the quasiparticles’ scaling dimen-
sion, which is related to the exchange phase through
0 = 2zA and, for Laughlin fractions, given by A =v/2
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(see, e.g., Ref. [43]). Note that the above formulation
ignores possible nonuniversal complications, such as edge
reconstruction (see Ref. [33] for a discussion of such
artifacts and Ref. [34] for an alternative formulation of

PR3 at I_ =0 separating the different contributions of

braiding phase, topological spin, and tunneling exponent).
In the symmetric case (/I_ =0), Eq. (8) simplifies into
PRPS(0) = —4A/(1 — 4A), which gives Pi/P5(0) = —2 at
v = 1/3 and progressively less negative values for lower v
in the Laughlin series.

As mentioned below Eq. (6), the dependence in 7_/1

of Pt‘ﬁ’fs is different from Ref. [33]. This stems from a

different definition for z. at I_ # 0. Indeed, multiple
definitions are possible for 7., corresponding to different
quantitative predictions for this transmission and, con-
sequently, a different P (see Table II). In particular, it
could be defined as the differential transmission of the
current originating from the electrode voltage biased at
V.» [z, given by Eq. (2)] or from the other, grounded
electrode feeding the source QPCs (7" in Table II).
With sources in the WBS regime, the former z,. corre-
sponds to the transmission across the analyzer of dilute
quasiparticles of energy ~e*V, whereas the latter 7" is
essentially the transmission of a thermal current. As the
transmission is predicted to strongly depend on energy in
the FQHE regime, using these different definitions in
Eq. (6) for P clearly results in strongly different
theoretical values, as summarized in Table II (see also
Fig. 5). Note that, in Ref. [33], the alternative definition
7085 relies on the same expression [Eq. (2)] but for /_ = 0,
even for cross-correlations measured at /_ # 0. As 7, is
expected to depend on /_, this impacts the prediction
for P(I_/I, #0).

2. Andreev reflection

We consider here the “Andreev” configuration where
QPC, , remain in the WBS regime while QPC., is set in the
SBS regime (7, < 1). In this case, quasielectrons of charge

TABLE II.  Predicted P}PS at v = 1/3 for alternative defini-
tions of 7, and different source settings (symmetric when /_ = 0
or fully asymmetric when /_ = +1,,with I, =1, +1,). 7. is the
transmission ratio of incident quasiparticles, 7% the same trans-
mission ratio but at /_ =0, and 7" the transmission ratio of
thermal excitations. The corresponding values of nyBS are
obtained, respectively, from Eq. (8) and Egs. (F1) and (F2) in
Appendix F.

PRos
7, variants (I_-<1,) (I_=1,)
7.(I_,1,) from Eq. (2) -2 -49
o =7, (I_=0,1,) [33] -2 -3.1
7 = 7719V, /oV) [34] -0.8 -1.3

e are tunneling across QPC, [10,11,37,46]. As the braid
phase between such a quasielectron and the impinging
fractional quasiparticles is a trivial 2z for the Laughlin
quantum Hall fractions [4,43], the previously discussed
transport mechanism driven by unconventional anyon
statistics here cancels out. Instead, a different Andreev-
like process takes place, involving independent tunnelings
of e accompanied by the simultaneous reflection of a hole
of charge —e(1 —v) [36], as recently observed at v = 1/3
[37]. As aresult, the cross-correlations are simply —(1 — v)
times the shot noise on the tunneling current given by
2el 7. and, at high bias veV > kgT, P3l% =~ —(1 —v)/v
independently of the ratio 7_/I, [36]. At v = 1/3, this
gives Pyo® > —2, identical to the exchange-induced pre-
diction at symmetry P{\P%(0) = —2. Note that this match-
ing is specific to v =1/3 and does not apply to other
Laughlin fractions. Importantly, a qualitatively distinctive
feature of the Andreev-like process is its independence in

1_/1, [36,37].

V. ANYON SIGNATURES AT v=1/3

A. Representative anyon signature
with symmetric sources

Figure 2 displays some of the QPC characterization data
as well as the cross-correlation anyon signature for a
representative WBS device tuning, with symmetric sources
(I_/I. < 1)atT ~35 mK. The data shown as symbols in
Figs. 2(a) and 2(c) are measured simultaneously, whereas
the shot noise characterization of QPC,. shown in Fig. 2(b)
is performed separately, slightly before, as it involves a
direct voltage bias of the analyzer.

The sources QPC,;, are set in the WBS Ilimit, at
1 —17,, < 0.1 for all the data in this section [see illustrative
schematic and inset in Fig. 2(c)]. The charge ¢, , ~ e/3 of
the emitted quasiparticles is attested by the comparison in
Fig. 2(a) with the standard shot noise expression Eq. (3).
The measured noise sum Sy [Eq. (4)], corresponding to the
shot noise from both sources, is found in close agreement
with e* =¢/3 at T =35 mK (a similar matching is
obtained from individual source characterizations per-
formed separately). Note that we limit the applied bias
voltage to |V, ,| < 100 pV.

The analyzer QPC, transmission 7.~ (0.7 simultane-
ously measured in the source-analyzer configuration, with
impinging dilute quasiparticle beams, is shown in the inset
in Fig. 2(c). The larger experimental noise, particularly
marked at low I, simply reflects the lower amount of
current probing 7. at the corresponding low values of
1 —7,,. The shot noise characterization in Fig. 2(b) is
separately performed from the cross-correlations measured
in the presence of a direct voltage bias (see Appendix E for
autocorrelations and Sy data). A good agreement is
observed with the negative of Eq. (3) for e¢* =¢/3
and 7 =35 mK. Note that, at relatively low voltages
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(e*V ~ kgT), the data exhibit a noticeably larger slope than
the phenomenological Eq. (3), which is expected from
exact predictions for the thermal rounding [42,43]. In
practice, following standard procedures, we extract the
tunneling charge e. by fitting the cross-correlations at
voltages above the thermal rounding [e.V 2 3kpT, with
here e. ~ 0.30¢; see also Fig. 3(a)].

The main cross-correlation signal in the presence of
symmetric beams of incident quasiparticles is normalized
by 7.(1 — z,.) and plotted in the main panel in Fig. 2(c) as a
function of the noise sum Sy. In this representation, the
experimental value of P is straightforwardly obtained from
a linear fit of the data. The dashed line corresponds
to P~—1.9.

Although the quantitative agreement with the prediction

PYP3(0) = =2 is striking and corroborates the pioneer

observation [32], it is nevertheless counterbalanced by the

strong dependence of P\S on the specific definition
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FIG. 3. P(I_=0) versus analyzer tuning at v = 1/3. Identical

symbols represent measurements for the same device tuning [z..
differs in (a) and (b) because of the different biasing]. Error bars
are shown if larger than symbols. The horizontal error bars
encompass the variation of 7. in the range of biases where e,
(a) or P (b) are extracted. The vertical error bars encompass the
difference between measurements at negative and positive volt-
ages. (a) Analyzer crossover from e, ~ ¢/3 to e. (b) Indiscernible
crossover in P(I_~0,7,.). The horizontal dashed line displays
the mean value (P) ~ —2.2. Inset: mean value (P) versus temper-
ature. The vertical error bars show the standard deviation between
values of P for individual analyzer settings.

of 7, (see Table II). This is in contrast with the weakly
dependent experimental P. Indeed, we observe in practice
7, ~ 28 ~ 7% (with discrepancies smaller than 10%, of the
order of our in situ experimental resolution on z.), thus
leaving P mostly unchanged, as opposed to the different
predictions. This situation can be traced back to the bias
voltage dependence of 7, that sharply differs from the
expected power law 1 — 7, o V*72 [47] [see the inset in
Fig. 2(c) for a representative weak dependence of z. and
also Appendix E for a measurement as a function of a direct
voltage bias]. Nevertheless, the qualitative observation of a
nonzero, negative P in the WBS regime with symmetric
quasiparticle beams remains a significant, robust feature.
This constitutes in itself a key marker of unconventional
exchange statistics.

B. Intriguing robustness of P(I_ ~0)
versus analyzer tuning

Figure 3 synthesizes our measurements of P at v = 1/3
while broadly changing the tuning of QPC,. from WBS to
SBS (with the sources remaining in the WBS regime and
symmetric, /_ < 1,). As detailed below, whereas the
predicted underlying mechanism changes from anyon
braiding to Andreev, no signature of this crossover is
discernible in P(I_ = 0,7.). Although there is no contra-
diction with theory, this calls for additional ways to directly
distinguish the two mechanisms.

The crossover from e. ~ e/3 to e as 7. is reduced is
established in Fig. 3(a) [10,11,46]. Accordingly, a different
Andreev transport mechanism is expected to dominate at
7. < 0.5, as predicted [36] and recently observed on the
same sample [37]. Although an identical value P = -2 is
asymptotically predicted for both WBS and SBS tunings
of the analyzer, signatures of the crossover between differ-
ent underlying mechanism could have emerged at inter-
mediate 7,.. This is not the case. Instead, a remarkable
robustness of P versus 7. is observed, as shown in the
main panel in Fig. 3(b) for T ~ 35 mK. This observation is
confirmed at 7'~ 15 and 60 mK as can be inferred from the
mean and standard deviation of P displayed for different T
in the inset. With no signature of a change of an under-
lying mechanism materializing along the crossover
from WBS to SBS, it is highly desirable to have a direct
signature that differentiates between braiding and Andreev
processes.

C. Distinguishing anyon braiding
and Andreev mechanisms

A distinctive feature of the unconventional anyon braid-
ing mechanism, contrasting with the Andreev process, is
that different incident quasiparticles do not contribute
independently to the cross-correlations. A straightforward
test confirming this discriminating property is displayed
in Fig. 4.
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FIG. 4. Discriminating anyons braiding from Andreev mecha-
nisms. (a) Cross-correlations with QPC, set to e. ~ ¢, = ¢/3.
The data (symbols, corresponding to those in Fig. 3) are displayed
as a function of the sum 7% + 1% of tunneling currents from the top
and bottom sources (see the inset; arrows indicate the sign +
convention). Black crosses are obtained with two symmetric
incident beams I, = [,,. Green crosses show the sum of indepen-
dent measurements (5I;61)(1,) + (61;6I¢)(I,), using either
QPC, or QPC,, as a single source, versus I'.(1,) + I%(I,). Dashed
lines are linear fits. The significantly larger slope in the asymmetric
case (green) rules out Andreev processes and is consistent with the
predicted anyon exchange mechanism. (b) Symbols represent the
ratio (AS/S) of the slopes (51, 51}/ (I} + 1) between asymmet-
ric [one source at a time (AS)] and symmetric [two sources (S)]
incident quasiparticle beams versus separately characterized e,/ e.
Error bars encompass the difference between values extracted at
negative and positive applied voltages for the same device setting.
A ratio close to unity is found for e, = 0.5 > ¢, ;, ~ e¢/3, where the
charge mismatch favors Andreev processes.

As graphically illustrated in Fig. 4(a), we compare, on
the one hand, the sum of the cross-correlation signals
measured alternatively with a single active source (V, # 0
with V, =0, and V;, # 0 with V, = 0; green) with, on the

other hand, the cross-correlations measured when both
sources are symmetrically biased (V, = V, # 0; black). For
Andreev processes, the two match, as previously observed
[37]. This is not the case when the underlying mechanism is
the unconventional anyon exchange phase. A representa-
tive comparison is displayed in Fig. 4(a) for the analyzer set
in the WBS regime (7, ~ 0.83 with e, ~ 0.34¢) where the
anyon exchange mechanism is expected. The marked
difference between symmetric (black) and fully asymmetric
(green) incident quasiparticle beams confirms that the
underlying mechanism is not the Andreev process.

Figure 4(b) presents a systematic comparison for differ-
ent analyzer tunings along the crossover between uncon-
ventional anyon exchange and Andreev mechanisms. It is
quantified by the displayed asymmetric to symmetric ratio
AS/S between fitted linear slopes [e.g., dashed lines in
Fig. 4(a)], plotted as a function of the parameter e./e
driving the crossover. When e, ~ ¢/3 (vertical dashed line),
we systematically observe substantially larger cross-
correlations in the asymmetric configuration, whereas for
larger values of e, the asymmetric to symmetric configu-
ration ratio approaches 1. This signals a change of under-
lying transport mechanism when increasing e, providing
experimental support to the theoretical expectations of a
crossover from unconventional exchange to Andreev
processes.

The important dependence in the symmetry between
incident beams of dilute quasiparticles, specifically
observed when e, ~ ¢/3, constitutes a second qualitative
marker of the unconventional exchange phase of the
quasiparticle.

D. P versus I_/I,

We now confront quantitatively P(/_/1,) data and the
Eq. (6) prediction.

The experimental values of P obtained for the analyzer
QPC., set to 7. ~0.7 with e. ~0.3¢ are displayed versus
I_/I, inFig. 5. For each data point, the ratio V,/V,, is kept
fixed while sweeping V,,. Note that the variation of
|I_/I,| during each sweep, represented by the horizontal
error bars, results from the unequal evolutions of z,(V,) and
7,(V,). The theoretical prediction of Eq. (6) is shown as a
red continuous line. For a more complete assessment, the

predictions for P{\®S with the alternative definitions z{*

and 7" (see Table II) are also displayed as, respectively,
black and blue dashed lines.

Theory predicts weak changes of P at low |I_/I_|,
progressively becoming stronger for higher asymmetries,
consistent with experimental observations. The expected
ratio PYPS(1)/PP%(0) ~2.5 is in order-of-magnitude
agreement with the experimental value P(1)/P(0) ~ 1.5.

Overall, the observed reasonable agreement between
data and theory further corroborates the underlying pres-
ence of anyons of fractional exchange phase.
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4 0.6
|11,

FIG. 5. P versus source imbalance at v = 1/3. Symbols display
the effective Fano factor P as a function of the relative difference in
incident currents /_/I, for the same device tuning. Horizontal
error bars encompass variations in /_ /I over the range of applied
voltages. Vertical error bars represent the difference between values
of P separately extracted at negative and positive voltages. The
prediction of Eq. (8) is shown as a red continuous line. The
alternative predictions shown as dashed lines involve the different
definitions 7% (black) and 7" (blue) (see Table IT and Appendix F).

VI. ANYON SIGNATURES AT v=2/5
A. Edge structure

At v =2/5, two adjacent channels are predicted to
propagate in the same direction along each edge.
Quasiparticles of charge e* = ¢/5 have been observed
along the inner channel of conductance vy e?/h with v =
1/15 [14]. These quasiparticles are predicted to have a
fractional exchange phase 6 =3z/5 [0 =2zA with
A = (e*/e)? | 2uqy; see, e.g., Ref. [43]].

This edge structure is first attested by the dependence
G.(V,) of the differential conductance G, across the
analyzer QPC, with the voltage V, applied to the metallic
split gates controlling this constriction. Figure 6 shows
G.(V,) measured both at zero dc bias voltage (black line)
and at 90 pV (green line). The robust intermediate plateau
at G, = e?/3h corresponds to the full transmission of the
outer edge channel, of conductance e? /3h, and the total
reflection of the inner edge channel. For less negative V,
the higher G, > ¢?/3h reflects the subsequent opening of
the inner edge channel of present interest. The sequential,
separated opening of the two channels is confirmed by the
absence of excess noise when applying a dc voltage bias to
QPC, set on the e?/3h plateau. The current transmission
ratio of the inner edge channel at G, > e*/3h hence reads
(G. —e*/3h)/(e?/15h) [corresponding to 7. given by
Eq. (2) in that direct voltage bias case]. Note that G, does
not reach the maximum value of (2/5)e?/h (horizontal
blue dashed line), as it is not possible to fully open the inner

G, (e%h)

FIG. 6. Differential conductance G,. through the analyzer QPC,
at v = 2/5 as a function of the applied gate voltage V, (detailed
features may vary with overall device configuration). The black
and green continuous lines display measurements, respectively, in
the absence of a dc bias (V, = V; = V,, = 0) and in the presence
of a direct dc voltage bias (V, =V}, = =90 uV, V, = 0). The
robust e?/3h plateau, where the absence of excess noise is
separately checked, ascertains the sequential channel opening
illustrated schematically. Note the relatively weak voltage bias
dependence at G, > e?/3h, when the inner (outer) edge channel
is partially (fully) transmitted.

channel across any of the QPCs. The maximum inner
channel transmission achieved is 7. = 0.9 [see the inset in
Fig. 11(d)]. We refer to Appendix E for checks of the
chirality of the electrical current in the central part of the
device.

In the presence of two channels copropagating along
each edge, a transfer (tunneling) of charges between
adjacent channels along the source-analyzer paths could
occur. As this results in an additional negative contribution
to the measured cross-correlations (51, 61), its amplitude
is carefully calibrated (see Appendix D). The tunneling
current, made of e/3 quasiparticles as predicted [48],
approaches at most 20% of the injected inner channel
current. A systematic procedure is set to estimate and
subtract the tunneling current contribution to the cross-
correlation signal (see Appendix D). Importantly, the
qualitative markers of braiding are not affected by this
contribution; only the quantitative value of P is modified,
by at most 20%.

B. Representative anyon signature
with symmetric e/5 sources

Apart from interchannel tunneling, the QPC characteri-
zation and P extraction procedures are similar to those at
v = 1/3, asillustrated in Fig. 7. A charge e, ~ ¢/5 for the
quasiparticles emitted by the sources is obtained simulta-
neously with the measurement of P, by comparing the
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Cross-correlation signature of anyons in the inner edge channel at v = 2/5. The sources are symmetrically voltage biased

(V, =V,, Vi, =0) except for the separate analyzer characterization in (b), where V, = V/ (V,, = 0) implements a direct voltage bias.
(a),(b) Shot noise characterization of the charges e, , emitted from the sources (a) and of the tunneling charge e, across the analyzer (b).
The shot noise data (symbols) are compared with the predictions for e* = ¢/5 (blue lines) and e¢/3 (red lines). (c) Experimental
determination of P. The normalized cross-correlation data, from which the estimated interchannel tunneling contribution (see
Appendix D) is removed, are plotted as symbols as a function of the same Sy also shown in (a). P ~ —1.0 is obtained from a linear fit of
the slope (blue dashed line). Inset: simultaneous measurements of 7, ..

noise sum Sy with the standard shot noise expression
Eq. (3) [see Fig. 7(a) for the simultaneous characterization
of the sources]. Note that Sy is not directly impacted by
interchannel tunnelings, as these processes preserve the
overall current downstream from the sources. The char-
acterization of e.~e/5 is performed separately, analo-
gous to v = 1/3, from the cross-correlations measured in
the presence of a direct voltage bias applied to QPC,. [see
Fig. 7(b)]. Note that, unexpectedly, the noise sum Sy [not
shown in Fig. 7(b); see Fig. 14(c)] is far from negligible,
although no voltage bias is applied to the sources in this
configuration. This might be related to a nonlocal heating,
with most likely little impact on our conclusions (see
Appendix E for further discussion). The extraction of P
from the slope of the cross-correlation signal normalized
by 7.(1 —z.) versus Sy is shown in the main panel in
Fig. 7(c). We obtain in this representative example P =~
—1.0 (dashed line; we extract P~ —1.07 from the raw
data including interchannel tunneling). Qualitatively,
the observed negative P at symmetry indicates an uncon-
ventional anyon exchange phase. Quantitatively, this is a
markedly weaker value than the observed P~ -2 at
v=1/3.

C. P for symmetric e/5 quasiparticle sources

Here, we recapitulate the experimental effective Fano
factor P obtained for e/5 quasiparticles on five different
device configurations (see Fig. 8).

The analyzer displays a rather stable characteristic
charge of e.~e/5, adapted to investigate the statistics
of the corresponding quasiparticles, over a relatively broad
explored range 7. € [0.2,0.8] [see Fig. 8(a)]. Note that, for
each tuning of QPC,, the sources QPC,, require gate
voltage adjustments in order to preserve their symmetry. In
practice, the sources exhibit similar shot noise signatures of
e/5 emitted quasiparticles, in comparably good agreement
with Eq. (3) than in the representative Fig. 7(a). Note that
the transmissions across QPC,;, remain here within the
range 7, € [0.25,0.5], away from the dilute quasiparticle
source limit that is experimentally not accessible. The
extracted values of P are recapitulated in Fig. 8(b), with
symbols matching those in Fig. 8(a) for identical device
configurations (the different z,. result from the different
biasing of QPC,). The blue symbols represent P obtained
from the corrected cross-correlation signal, from which the
contribution of interchannel tunneling is subtracted. The
green symbols are the values of P extracted from the raw
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FIG. 8. Effective Fano factor for e/5 quasiparticles at v = 2/5.
(a) Separately characterized analyzer tunneling charge e, versus
.. (b) Experimental value of P with (blue symbols) and without
(green symbols) correcting for interchannel tunneling. The same
symbol as in (a) represents an identical device tuning (7, changes
due to a different biasing). The horizontal dashed lines indicate
the corresponding mean values (P) ~ —0.97 (blue) and (P) ~
—1.15 (green), together with the v = 1/3 observation (P) ~
—2.24 (red). Error bars are displayed in (a) and (b) when larger
than the symbols. Horizontal error bars display the variation of z,.
during the measurement. Vertical error bars show the difference
between values obtained separately for negative and positive
applied voltages.

cross-correlations. The effect of interchannel tunneling
remains relatively small (approximately 20%) with respect
to the overall value of P, and it does not introduce any
noticeable trend. Similarly to v = 1/3, P does not exhibit a
significant dependence on 7.. However, in contrast, no
crossover to a different Andreev-like mechanism could
develop, as there is here no mismatch between e, ;, and e,.
The simple observation of negative cross-correlations
(much higher than from interchannel tunnelings), thus,
points to a unconventional anyon exchange phase for the
investigated e/5 quasiparticles. Note that an exploration of
the influence of an asymmetry between sources, used at
v=1/3 to distinguish with Andreev physics, is here
impeded by the high minimum values of experimentally
accessible 1 —7,, 2 0.5, for which an applied asymmetry
corresponds to a complex combination of incident quasi-
particles and direct voltage bias.

Quantitatively, we find an average value of (P) ~ —0.97
represented by a blue horizontal dashed line in Fig. 8(b)
((P) ~—1.15 from the raw data including interchannel
tunneling). The theory developed for Laughlin fractions
[33], and recently extended to a non-Abelian channel [34],
does not yet fully encompass hierarchical states such as
v = 2/5. Nevertheless, assuming that the outer channel of
conductance e”/3h can be ignored, the same prediction
P = —4A/(1 —4A) applies with the corresponding scaling
dimension of the e/5 quasiparticles A = (e*/e)?/2v =
0.3 [49]. The resulting P = 6 is, however, much larger than
observed and, intriguingly, positive. The culprit for the sign
change in this generalized prediction is not the cross-
correlations, which remain negative as measured, but a
differential transmission 7, becoming negative for dilute
beams of such quasiparticles [33]. Here, we observe
conventional, positive transmissions [see the inset in
Fig. 7(c)]. The important role of 7z, in the theoretical value
of P, with even more drastic consequences than atv = 1/3,
impedes the extraction of quantitative information on the
specific anyon exchange phase. It remains that the obser-
vation of strong negative cross-correlations constitutes a
qualitative marker of unconventional exchange statistics.

VII. CONCLUSION

Noise evidence of exotic anyon braiding statistics for
fractional quasiparticles of charge e¢/3 and e/5 are observed
in a source-analyzer setup. This signature holds provided the
analyzer QPC favors the transmission of the same type of
quasiparticles as those emitted at the sources and for
relatively weak interchannel tunnelings along the source-
analyzer paths. Different values for the cross-correlation
effective Fano factor P~ —2 and P ~ —1 are obtained,
respectively, for e¢/3 quasiparticles at v = 1/3 and e/5
quasiparticles along the inner channel at v = 2/5 (in contrast
with P =~ 0 observed at v =2; see Appendix C). It is
tempting to attribute this difference to the distinct predicted
exchange phases 7/3 and 37/5. However, the quantitative
connection to P is not direct but involves the dependence of
the analyzer transmission 7. on the voltages V,, used to
generate the quasiparticles. In practice, as generally observed
experimentally in the fractional quantum Hall regime
[50,51], the transmission across QPCs does not follow the
predicted voltage bias dependence, which impedes any
quantitative information on the exchange phase beyond its
unconventional character. A promising alternative to over-
come this limitation is to combine such a source-analyzer
setup with a quantum circuit implementation of Luttinger
liquids [3,52] where QPCs are found to accurately follow the
theoretical predictions [53,54].
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Note added.—Our results are consistent with the indepen-
dent investigation by Ruelle ef al. [55] submitted simulta-
neously with the present work. Relatively small quantitative
discrepancies in P for the inner channel at v = 2/5 may be
attributed to a different normalization procedure, where the
measured Sy here [see Eq. (6)] is replaced by the ideal
Poissonian noise 2(e/5)I, in Ref. [55]. Recently, we also
became aware of the related work Ref. [49], supporting
anyon braiding statistics at v = 1/3 from a quantitative
analysis of the autocorrelations in a single-source-
analyzer setup.

APPENDIX A: DEVICE

The measurements are performed on the same device
previously used to evidence Andreev-like processes [37].
Note that the Ga(Al)As heterojunction hosting the 2D
electron gas is similar to that used in the pioneer “collider”
experiment [32] and is grown in the same MBE chamber at
a different time.

The nanofabrication followed standard e-beam lithog-
raphy steps (see Methods in Ref. [37] for further details and
large-scale pictures of the sample): (i) Ti-Au mark depo-
sition through a PMMA mask. (ii) Wet mesa etching in a
solution of H;PO,/H,0,/H,0 through a positive ma-N
2403 mask. (iii) Contact Ohmic deposition of Ni-Au-Ge
through a PMMA mask, followed by a 440 °C annealing for
50 s. (iv) Al gate deposition through a PMMA mask.
(v) Deposition of Ti-Au bonding ports and large-scale
interconnects through a PMMA mask.

Figure 9 shows the two-wire measurement at 7 ~
100 mK of the resistance between an Ohmic contact and
cold grounds as a function of the magnetic field (a fixed
wiring and filtering resistance of 10.35 K€ is subtracted).
The experiments are performed in the center of the plateaus
at v =1/3, 2/5, and 2, at the values indicated by vertical
arrows. Note that the effective magnetic field range for the
plateaus is, on the one hand, slightly reduced by density
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FIG. 9. Quantum Hall resistance plateaus. Two-wire resistance
between an Ohmic contact and cold grounds measured as a
function of the applied perpendicular magnetic field B at low
temperature (7 ~ 100 mK). Dashed lines show the fractional
quantum Hall resistances h/ve® for the investigated fractions
v=1/3,2/5, and 2. Vertical arrows indicate the magnetic field at
which the measurements are performed.

gradients over the sample and, on the other hand, increased
by the temperature reduction when probing the anyon
statistics.

The Ohmic contacts have a large perimeter of approx-
imately 200 pm with the 2D electron gas to ascertain an
essentially perfect electrical connection (usually already
achieved for perimeters of about 10 pm with our recipe).
The Ohmic contact quality together with the robustness of
edge transport chirality in the 2DEG is attested by (i) the
accurate resistance of the quantum Hall plateaus, (ii) the
absence of current reflected from Ohmic contacts con-
nected to a cold ground, and (iii) the absence of excess shot
noise when closing all the QPCs and applying a volt-
age bias.

APPENDIX B: EXPERIMENTAL SETUP

1. Measurement setup

Measurements are performed in a cryofree dilution
refrigerator, where the sample is connected through elec-
trical lines including several thermalization and filtering
stages (see Ref. [56] for comprehensive technical details).

Auto- and cross-correlations of current fluctuations are
measured near 1 MHz using two homemade cryogenic
HEMT amplifiers (see supplemental material in Ref. [57]
for further information), respectively, connected to the L
and R ports of the sample as schematically depicted in
Fig. 1(c).

All other measurements are performed with standard
lock-in techniques, using ac modulation of rms amplitude
below kzT/e and at frequencies lower than 25 Hz. The
transmitted dc currents are obtained by integrating the
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corresponding lock-in differential signal with respect to the
applied bias voltage (explicit expressions are provided in
Methods in Ref. [37]).

2. Thermometry

At T > 40 mK, the electronic temperature is determined
using a calibrated RuO, thermometer, thermally anchored
to the mixing chamber of the dilution refrigerator. In this
range, the thermal noise of the sample changes linearly with
T, confirming both the RuO, thermometer calibration and
the good thermalization of the charge carriers in the device.

To obtain an in situ electronic temperature below 40 mK,
we measure the thermal noise and extrapolate the noise-
temperature slope determined at higher 7.

3. Noise amplification chain calibration

The gain factors i“R g relating the raw auto- and cross-
correlations with the power spectral density of current
fluctuations of interest is calibrated in two steps.

First, the nearly identical tank circuits connected to the
Ohmic contacts labeled L and R are characterized. This is

(a) (c)

achieved by measuring the variation of the noise bandwidth
of each of the tank circuits in parallel with the quantum
Hall resistance of the sample at several filling factors,
which informs on the parallel tank resistance Ry =~ 150 kQ
and capacitance Cy = 135 pF. The resonant frequency
(0.86 MHz) then provides the parallel tank induct-
ance Ly ~ 250 pF.

Second, with our choice of noise integration bandwidth
([0.84, 0.88] MHz at v =2/5 and 1/3), we measure the
slopes sy of raw integrated noise versus temperature
at T > 40 mK (see Appendix B2). The robust fluctuation-

dissipation relation then gives the gain factors GeLfSe =

sw/[4kg(1/Ry +ve?/h)], whereas the nearly identical
tanks imply for the cross-correlation G$% = /GSTGeHt.
See Ref. [37] for a more thorough presentation including
checks with alternative methods.

APPENDIX C: CROSS-CORRELATION
INVESTIGATION OF THE STATISTICS AT v=2

As a counterpoint to anyons, we present here measure-
ments of P with the device set in the integer quantum Hall
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FIG. 10. Cross-correlations at v = 2 with symmetric sources. All QPCs are set in the WBS regime [z, ~ 7;, ~ 0.96 and 7, ~ 0.88; see
the inset in (c)] with V, = V;, and V), = 0, except for the analyzer characterization in (b), where V, = V/ and V;, = 0 corresponding to a
direct voltage bias applied to QPC.. (a),(b) Shot noise characterization of the tunneling charges ¢, ;, (a) and e, (b). Symbols display the
noise data, in close match with the prediction for a tunneling charge e (black lines) at Sy < 15 x 1073 A% /Hz (full symbols). (c) Cross-
correlations measured in the symmetric source-analyzer configuration (symbols) are plotted versus source shot noise Sy. A linear fit at
Sy < 15 x 1073% A%/Hz (black dashed line) gives P ~ +0.2. The red and blue dashed lines represent the Fano factor obtained at
v=1/3 and v = 2/5, respectively. Inset: transmission probabilities of top (blue symbols), bottom (orange symbols), and central (red

symbols) QPCs as a function of 7, .
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regime at filling factor v = 2 (B = 2.4 T). In this regime,
electrons with a Fermi statistics are emitted at the source
QPCs and transmitted across the analyzer QPC. Note that
interactions between the two copropagating channels are
predicted to drive a transition of the propagating excitations
from Fermi quasiparticles to bosonic density waves,
resulting in the emergence of positive cross-correlations
in the source-analyzer setup [35]. However, for the present
short propagation distance of 1.5 pm and in the accessible
small voltage bias range before artifacts develop
|V| <30 pV, the interactions between the two copropagat-
ing channels are essentially negligible [58,59]. Note also
that interchannel tunneling is here completely negligible.

Figure 10 displays representative data obtained at v = 2,
with symmetric sources emitting in the outer edge channel
toward the analyzer. The procedure is identical to in the
FQHE regime. Figures 10(a) and 10(b) show the tunneling
charge characterization of the sources and analyzer, respec-
tively, found to match the shot noise predictions for e in
both cases. Note that a huge noise develops at high bias
[emerging for the highest /, in Fig. 10(a)], thus limiting the
investigated range. Figure 10(c) represents the cross-
correlation signal in the source-analyzer configuration with
symmetric incident dilute beams, normalized by z.(1 — z..)
and plotted versus Ss. A linear fit of the data displayed as

full symbols for which Sy < 15 x 1073° A?2/Hz (black
dashed line) gives P ~0.2.

Although not exactly null, P is here very small with
respect to the observed P ~ —2 (red dashed line) and P ~
—1 (blue dashed line) at v = 1/3 and 2/5, respectively. The
slight positive value may result from the essentially but not
fully negligible interchannel interactions, which progres-
sively change the nature of electronic excitations along the
source-analyzer paths. The present small and positive
v = 2 data, hence, corroborate the predicted link between
negative cross-correlations and unconventional anyon
statistics.

APPENDIX D: INTERCHANNEL TUNNELING
AT v=2/5

As illustrated in Fig. 11(a), interchannel tunnelings, if
any, result in an additional negative contribution to the
measured cross-correlations (51;51), thereby impacting
P. Indeed, a tunnel-induced current fluctuation 6/ in the
outer channel is correlated to an opposite fluctuation —/ in
the inner channel. With a downstream QPC, of inner
channel transmission ratio 7. and perfectly transmitted
outer channel, the resulting total current fluctuation
(summed over both channels) in the transmitted and

(a) (c)

(d)
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FIG. 11. Interchannel tunneling at v = 2/5. (a) Schematics of interchannel tunneling along the top source-analyzer path. For a separate

characterization, QPC. is set to 7. = 0 (and a full transmission of the outer channel). (b) Interchannel tunneling fraction. Symbols
display the ratio between tunneling and emitted current along the top (z/,,, blue) and bottom (z2,,, orange) paths, obtained at z, = 0 from
Eq. (D1). The displayed values approaching 20% are the highest observed in all investigated configurations. (c) Interchannel tunneling
cross-correlations at 7. = 0. Symbols represent the separately obtained signals for tunnelings along the top (blue) and bottom (orange)
paths, as a function of the dc bias voltage of the corresponding source V, (with V,, = 0) and V, (with V, = 0), respectively. Inset: The
same cross-correlations are plotted as a function of the corresponding interchannel tunneling current / fu':, and compared with the shot
noise predictions of Eq. (3) (lines). (d) Cross-correlations measured with QPC,. tuned back to the inner channel analyzer (z. > 0), with
both sources symmetrically biased (V, =V,), are shown as green symbols. Black symbols display the interchannel tunneling
contribution estimated from (c) [sum of data in (c) times (1 — 1(,)2; see the text]. The resulting “corrected” cross-correlations (raw data
reduced by tunneling estimate) are shown as blue symbols. Inset: simultaneously measured z,.
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reflected L, R paths is 61 — 61z, and —61(1 — 7..), respec-
tively, corresponding to a cross-correlation signal of
—81%(1 — 7,.)?. Note that the fluctuation §/ depends on
the charge of the tunneling quasiparticles, here between
two markedly different channels. With the procedure
described below, we find (i) that interchannel tunnelings
can occur when some power is locally injected into the
inner channel at the corresponding upstream source QPC
(set at 0 <7,, <1, but note that no tunneling is here
observed at 7,, =0); and (ii) that the noise in the
interchannel tunneling current is consistent with the pre-
dicted tunneling charge of e/3 (determined by the local
filling factor of 1/3 of the incompressible stripe separating
the two channels; see Ref. [48]); but (iii) that this
contribution here remains relatively small with respect to
the cross-correlation signal of present interest, generated at
the analyzer QPC..

Figure 11 illustrates the experimental procedure to
address interchannel tunneling, in the device configuration
where it is found to be the strongest, at T ~ 25 mK. The
central QPC, is first detuned from the inner channel
analyzer operating point (zr, > 0) and set to the e?/3h
plateau (z. = 0). In order to minimize any cross-talk
artifacts, we change only the voltage applied to the
QPC, gate located the furthest away from the separately
considered path [the gate along [ (g) for the path origi-
nating from QPC,; see Fig. 1(c)]. The differential

. .o . t(b .
tunneling transmission ratio Tn(m) of the inner channel

current into the outer channel along the top (bottom)
source-analyzer path simply reads, at 7, =0 and for a
sequential channel opening of the QPCs,

L) _ ol (r)/ 9V (»)
YOI+ 1R)/ V)

(D1)

As shown in Fig. 11(b), the tunneling ratio along the top
path can here approach 20% of the injected inner channel
current (the maximum value observed in all the device
configurations investigated), markedly higher than along
the bottom path. The simultaneously measured cross-
correlations (8;6I) are displayed in Fig. 11(c) as a
function of the applied voltage V, (blue symbols) or V,
(orange symbols) in the main panel and as a function of the
dc interchannel tunneling current I, (blue) or I%,, (orange)
in the inset. As seen in the inset, the cross-correlations
resulting from interchannel tunneling match the shot noise
prediction of Eq. (3) for the expected e* = ¢/3.

QPC, is then set back to the inner channel analyzer
operating point 7. > 0 [approximately 0.9 at zero bias here;
see the inset in Fig. 11(d)], and the cross-correlation signal
is measured in the presence of symmetric beams of
quasiparticles generated at the source QPCs now simulta-
neously biased at the same V; = V. The green symbols in
the main panel represent the raw signal, which includes the

additional negative contribution from interchannel tunnel-
ings. The estimate of this unwanted contribution (black
symbols) is obtained by simply applying the reduction
factor (1 —7.)> to the interchannel cross-correlations
previously measured at 7. = 0. Note that interchannel
tunneling also changes the relation providing z.. The
impact is generally found to be relatively small (of at
most 0.04 at high bias for the present example); however,
Eq. (2) should be modified by substituting (1 — 7,)) with

(1 =7y))(1 = T:l(lﬁ)) to account for the reduction of the
incident inner channel current. In this work, we extract the
effective Fano factor P from both the measured cross-
correlation signal ignoring interchannel tunnelings (green
symbols) and by removing the estimated interchannel
tunneling contribution from the measurements (blue sym-
bols). Confronting the two obtained values of P allows one
to straightforwardly appreciate the relatively small influ-
ence of interchannel tunnelings [see Fig. 8(b)].

APPENDIX E: SUPPLEMENTAL DATA

1. Bias dependence of QPC transmission at v =1/3

In the FQHE regime, the current transmission ratio =
across a QPC is predicted to depend on bias voltage [11,47].
This energy dependence on the analyzer transmission z,.
influences the quantitative prediction for P, as discussed in
the main text. However, experimentally, the QPC trans-
missions are generally found in disagreement with the
expected voltage-biased dependence (see, e.g., Ref. [50]).
The transmission versus direct voltage bias characterization
of the analyzer QPC,. at v = 1/3 is shown for a broad range
of tuning in Fig. 12. In the WBS regime of present main
interest, we find that the transmission 7. is reduced, getting
further away from the ballistic limit as the direct voltage bias
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FIG. 12. Analyzer QPC, transmission 7. versus direct voltage
bias V, =V, at v =1/3. Different symbols correspond to
different tunings of QPC,.. An identical device tuning to Fig. 3
is represented here by the same symbol.
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FIG. 13. Nonchiral signal at v =2/5. The displayed differ-

ential emitted or detected current (voltage) ratios 6Vz(4b)/ V(1)
should be null for a perfectly chiral system.

is increased. Similar observations are made by other teams
(see, e.g., Ref. [51]), as well as for both source QPCs and for
the outer e?/3h channel of QPC, at v = 2/5. This contrasts
with the prediction of a transmission approaching unity as
the bias is increased [11,47].

2. Transport chirality

The quantum Hall chirality of the electrical current is
systematically obeyed at the level of the large Ohmic

(@) (b)

contacts. Nevertheless, we find that small but discernible
deviations can develop at the heart of the device for the less
robust v = 2/5 fractional quantum Hall state.

The local chirality is controlled by checking that the
signals V', /dV,, and 0V5,/0V, are null, as Vfé,b) should be
disconnected from V) by chirality whatever the device
tuning. This is always the case at experimental accuracy at
v =2 and v = 1/3, but a small unexpected signal is found
at v = 2/5 as illustrated in Fig. 13. If we consider that the
nonchiral signal originates solely from the inner channel
current, the relevant nonchiral fraction is enhanced by a
factor of 6 [i.e., (2/5)/(1/15)], up to 2.5% in the present
representative example and at most 3% in the worst case
investigated.

3. Auto- versus cross-correlations
in QPC, characterization

It was pointed out that the cross-correlations could
provide a more robust probe than the autocorrelations for
the shot noise characterization of the tunneling charge across
QPCs in the FQHE regime [60]. Here, we compare auto- and
cross-correlation signals measured with a direct voltage bias
applied to QPC,, during the separate e, characterization.

Figure 14 shows measurements of the autocorrelations
and cross-correlations, as well as the corresponding noise
sum Sy, obtained at v =2 (a), 1/3 (b), and 2/5 (c).
The cross-correlations (green circles) correspond to the

(c)
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FIG. 14. Auto- and cross-correlation comparison, performed in QPC, characterization at filling factor 2 (a), 1/3 (b), and 2/5 (c) as a
function of the direct applied voltage V, = V/, (V;, = 0). Full and open blue disks display the autocorrelation signal from port L and R,
respectively. Green disks represents the simultaneously measured cross-correlations. Sy is plotted as black triangles. Continuous lines
display (£1x) the predictions of Eq. (3) for a charge e¢* = e (black), ¢/3 (red), and e¢/5 (blue).
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previously displayed representative data in Figs. 2(b), 7(b),
and 10(b), now completed with coincidental measurements
of (612) (full blue circles) and (51%) (open blue circles),
and with Sy defined in Eq. (4). Continuous lines represent
the shot noise predictions of Eq. (3) (with a —1 factor when
negative) at the measured 7 ~ 35 mK for ¢* = e (black),
e/3 (red), and e/5 (blue). At v = 2, a canonical behavior is
observed, with opposite auto- and cross-correlations both
corresponding to e* = e and resulting vanishing noise sum
Sy ~0. At v = 1/3, small but discernible deviations from
Sy = 0 develop at high voltage bias, which signal the
emergence of small differences between auto- and cross-
correlations. These are attributed to a nonlocal heating of
the source QPCs resulting in a noise increase such as the
delta-T noise [61-63] (see Methods in Ref. [37] for a
specific investigation on the same sample). Aty = 2/5, the
sum noise Sy is far from negligible, which might be related
to the nonlocal heating observed at v = 1/3 although
stronger.

One may wonder if the unexpected Sy signal observed at
v = 2/5 with a direct voltage biased applied to QPC, could
impact our conclusions. As argued below, we believe it is
unlikely. First, the doubts that this discrepancy casts on e,
would not directly impact the extracted value of P [see
Eq. (6)]. Second, we point out that the cross-correlations
chosen to characterize e. were previously established to be
more reliable than the autocorrelations [60]. This is even
more true in the present source-analyzer setup where the
incident current noise can be enhanced by a nonlocal
heating of the sources. Finally, if such unexpected increase
of Sy were to occur also in the main source-analyzer
configuration, the absolute value of P involving Sy in the
denominator would be reduced but would not vanish
[Eq. (6)]. Moreover, in the source-analyzer configuration,
a voltage bias is applied to the sources (as opposed to e,
characterization), which is expected to suppress the effect
of a local heating on Sy [see Eq. (3)]. Accordingly, the
reliability of Sy with voltage-biased sources is supported by
the similar e, extracted when detuning the analyzer QPC.,
to 7, = 0 and biasing the source QPCs one at a time (data
not shown). These considerations suggest that the unex-
pectedly high Sy observed when applying a direct voltage
bias to QPC. is likely to have a moderate impact on ¢, ;, and
P, without qualitative consequences on the present anyon
statistics investigation.

APPENDIX F: P}{®S WITH ALTERNATIVE 7,

In this section, we provide the analytical expressions for
the theoretical predictions of P{\PS as defined by Eq. (6),
but using 7% and 7" instead of 7... These predictions, valid
for all QPCs in the WBS limit and for large source voltages
with respect to kzT/e*, are shown in Table II for /_ =0
and I_=1,.

First, we consider 7%8(/_,I.)=rt.(I_=0,1,). This
corresponds to the choice of normalization made in

Ref. [33]. The effective Fano factor in the WBS regime
1 — % <« 1 and at large bias voltage then reads

WBS _ (61.61) '
thy,bis 2€*I+(1 _ TEIS)
4A
— R X4A—2
—aa e
|1_| tan~!(27A) AL
= [tan(27A) + —————=|Im[X*4~2], (F1
+|I+| an(2zA) + (1=4A) m| |, (F1)

with X=1-+i(I1_/I)tan"!(2zA). This expression reduces

Eq. (8) at I_=0, since in that limit 7% =17,
For A=1/6 at v=1/3, it gives P}P5 (0) =2

and PYPS (I_/I. =1)~=3.1 as shown in Table IL

Equation (F1) for A = 1/6 corresponds to the black dashed
line in Fig. 5 of the present article and to the continuous line
shown in the bottom right panel in Fig. 3 in Ref. [33].

Second, we consider 7' = 7,190V, /dV/, which is the
transmission ratio for thermal excitations with the sources
in the WBS limit. This normalization choice is made in
Ref. [34] (see the alternative Fano factor called P,). The
corresponding effective Fano factor in the WBS regime
1 — %" < 1 and at large bias voltage reads [34]

sin(4zA)

PWBS :PWBS I /1

thy ter thy,bis (Fz)

At A=1/6 (w=1/3), the reduction factor is

Py /Pl =041, and Eq. (F2) gives PYP8 (0) =~

—0.83 and PYP3 (I_/1, =1)~—128 as shown in

Table II. Equation (F2) at A =1/6 corresponds to the
blue dashed line in Fig. 5 of the present article and to the
black continuous line in Fig. 4 in Ref. [34].

[1] D.E. Feldman and B.1. Halperin, Fractional Charge and
Fractional Statistics in the Quantum Hall Effects, Rep.
Prog. Phys. 84, 076501 (2021).

[2] K.-V. Pham, M. Gabay, and P. Lederer, Fractional Excita-
tions in the Luttinger Liquid, Phys. Rev. B 61, 16397
(2000).

[3] T. Morel, June-Young M. Lee, H.-S. Sim, and C. Mora,
Fractionalization and Anyonic Statistics in the Integer
Quantum Hall Collider, Phys. Rev. B 105, 075433 (2022).

[4] June-Young M. Lee, C. Han, and H.-S. Sim, Fractional
Mutual Statistics on Integer Quantum Hall Edges, Phys.
Rev. Lett. 125, 196802 (2020).

[5] L. Fuand C. L. Kane, Superconducting Proximity Effect and
Majorana Fermions at the Surface of a Topological
Insulator, Phys. Rev. Lett. 100, 096407 (2008).

[6] P.L.S. Lopes, 1. Affleck, and E. Sela, Anyons in Multi-
channel Kondo Systems, Phys. Rev. B 101, 085141 (2020).

[7] G. Moore and N. Read, Nonabelions in the Fractional
Quantum Hall Effect, Nucl. Phys. B360, 362 (1991).

011030-17


https://doi.org/10.1088/1361-6633/ac03aa
https://doi.org/10.1088/1361-6633/ac03aa
https://doi.org/10.1103/PhysRevB.61.16397
https://doi.org/10.1103/PhysRevB.61.16397
https://doi.org/10.1103/PhysRevB.105.075433
https://doi.org/10.1103/PhysRevLett.125.196802
https://doi.org/10.1103/PhysRevLett.125.196802
https://doi.org/10.1103/PhysRevLett.100.096407
https://doi.org/10.1103/PhysRevB.101.085141
https://doi.org/10.1016/0550-3213(91)90407-O

P. GLIDIC et al.

PHYS. REV. X 13, 011030 (2023)

[8] V.J. Goldman and B. Su, Resonant Tunneling in the
Quantum Hall Regime: Measurement of Fractional Charge,
Science 267, 1010 (1995).

[9] J. Martin, S. Ilani, B. Verdene, J. Smet, V. Umansky, D.
Mahalu, D. Schuh, G. Abstreiter, and A. Yacoby, Locali-
zation of Fractionally Charged Quasi-particles, Science
305, 980 (2004).

[10] C.L. Kane and M. P. A. Fisher, Nonequilibrium Noise and
Fractional Charge in the Quantum Hall Effect, Phys. Rev.
Lett. 72, 724 (1994).

[11] P. Fendley, A. W. W. Ludwig, and H. Saleur, Exact Non-
equilibrium dc Shot Noise in Luttinger Liquids and Frac-
tional Quantum Hall Devices, Phys. Rev. Lett. 75, 2196
(1995).

[12] L. Saminadayar, D.C. Glattli, Y. Jin, and B. Etienne,
Observation of thee/3 Fractionally Charged Laughlin
Quasiparticle, Phys. Rev. Lett. 79, 2526 (1997).

[13] R. de Picciotto, M. Reznikov, M. Heiblum, V. Umansky, G.
Bunin, and D. Mahalu, Direct Observation of a Fractional
Charge, Nature (London) 389, 162 (1997).

[14] M. Reznikov, R. de Picciotto, T. Griffiths, M. Heiblum, and
V. Umansky, Observation of Quasiparticles with One-Fifth
of an Electron’s Charge, Nature (London) 399, 238 (1999).

[15] M. Dolev, M. Heiblum, V. Umansky, A. Stern, and D.
Mahalu, Observation of a Quarter of an Electron Charge at
the v = 5/2 Quantum Hall State, Nature (London) 452, 829
(2008).

[16] A. Crépieux, P. Devillard, and T. Martin, Photoassisted
Current and Shot Noise in the Fractional Quantum Hall
Effect, Phys. Rev. B 69, 205302 (2004).

[17] L Safi, Time-Dependent Transport in Arbitrary Extended
Driven Tunnel Junctions, arXiv:1401.5950.

[18] M. Kapfer, P. Roulleau, M. Santin, 1. Farrer, D. A. Ritchie,
and D.C. Glattli, A Josephson Relation for Fractionally
Charged Anyons, Science 363, 846 (2019).

[19] C. de C. Chamon, D.E. Freed, and X. G. Wen, Tunneling
and Quantum Noise in One-Dimensional Luttinger Liquids,
Phys. Rev. B 51, 2363 (1995).

[20] B. Roussel, P. Degiovanni, and 1. Safi, Perturbative Fluc-
tuation Dissipation Relation for Nonequilibrium Finite-
Frequency Noise in Quantum Circuits, Phys. Rev. B 93,
045102 (2016).

[21] R. Bisognin, H. Bartolomei, M. Kumar, I. Safi, J.-M.
Berroir, E. Bocquillon, B. Placais, A. Cavanna, U.
Gennser, Y. Jin, and G. Feve, Microwave Photons Emitted
by Fractionally Charged Quasiparticles, Nat. Commun. 10,
1708 (2019).

[22] F. Wilczek, Quantum Mechanics of Fractional-Spin Par-
ticles, Phys. Rev. Lett. 49, 957 (1982).

[23] J. M. Leinaas and J. Myrheim, On the Theory of Identical
Particles, Nuovo Cimento Soc. Ital. Fis. B 37, 1 (1977).

[24] R.B. Laughlin, Anomalous Quantum Hall Effect: An
Incompressible Quantum Fluid with Fractionally Charged
Excitations, Phys. Rev. Lett. 50, 1395 (1983).

[25] B. 1. Halperin, Statistics of Quasiparticles and the Hier-
archy of Fractional Quantized Hall States, Phys. Rev. Lett.
52, 1583 (1984).

[26] D. Arovas, J.R. Schrieffer, and F. Wilczek, Fractional
Statistics and the Quantum Hall Effect, Phys. Rev. Lett. 53,
722 (1984).

[27] S.-S. Lee, S. Ryu, C. Nayak, and M. P. A. Fisher, Particle-
Hole Symmetry and the v :% Quantum Hall State, Phys.
Rev. Lett. 99, 236807 (2007).

[28] M. Levin, B.I. Halperin, and B. Rosenow, Particle-Hole
Symmetry and the Pfaffian State, Phys. Rev. Lett. 99,
236806 (2007).

[29] M. Banerjee, M. Heiblum, V. Umansky, D. Feldman, Y.
Oreg, and A. Stern, Observation of Half-Integer Thermal
Hall Conductance, Nature (London) 559, 205 (2018).

[30] B. Dutta, W. Yang, R. Melcer, H. K. Kundu, M. Heiblum, V.
Umansky, Y. Oreg, A. Stern, and D. Mross, Distinguishing
between Non-Abelian Topological Orders in a Quantum
Hall System, Science 375, 193 (2022).

[31] J. Nakamura, S. Liang, G. C. Gardner, and M. J. Manfra,
Direct Observation of Anyonic Braiding Statistics, Nat.
Phys. 16, 931 (2020).

[32] H. Bartolomei, M. Kumar, R. Bisognin, A. Marguerite,
J.-M. Berroir, E. Bocquillon, B. Plagais, A. Cavanna, Q.
Dong, U. Gennser, Y. Jin, and G. Feve, Fractional Statistics
in Anyon Collisions, Science 368, 173 (2020).

[33] B. Rosenow, L. P. Levkivskyi, and B. 1. Halperin, Current
Correlations from a Mesoscopic Anyon Collider, Phys. Rev.
Lett. 116, 156802 (2016).

[34] J.-Y. M. Lee and H.-S. Sim, Non-Abelian Anyon Collider,
Nat. Commun. 13, 6660 (2022).

[35] E. G. Idrisov, I. P. Levkivskyi, E. V. Sukhorukov, and T. L.
Schmidt, Current Cross Correlations in a Quantum Hall
Collider at Filling Factor Two, Phys. Rev. B 106, 085405
(2022).

[36] C.L. Kane and M. P. A. Fisher, Shot Noise and the Trans-
mission of Dilute Laughlin Quasiparticles, Phys. Rev. B 67,
045307 (2003).

[37] P. Glidic, O. Maillet, C. Piquard, A. Aassime, A. Cavanna,
Y. Jin, U. Gennser, A. Anthore, and F. Pierre, Quasiparticle
Andreev Scattering in the v = 1/3 Fractional Quantum
Hall Regime, arXiv:2206.08068.

[38] T. Jonckheere, J. Rech, B. Grémaud, and T. Martin, Anyonic
Statistics Revealed by the Hong-Ou-Mandel Dip for Frac-
tional Excitations, arXiv:2207.07172.

[39] C. Han, J. Park, Y. Gefen, and H.-S. Sim, Topological
Vacuum Bubbles by Anyon Braiding, Nat. Commun. 7,
11131 (2016).

[40] Y. Blanter and M. Biittiker, Shot Noise in Mesoscopic
Conductors, Phys. Rep. 336, 1 (2000).

[41] D.E. Feldman and M. Heiblum, Why a Noninteracting
Model Works for Shot Noise in Fractional Charge Experi-
ments, Phys. Rev. B 95, 115308 (2017).

[42] K. Snizhko and V. Cheianov, Scaling Dimension of
Quantum Hall Quasiparticles from Tunneling-Current
Noise Measurements, Phys. Rev. B 91, 195151 (2015).

[43] N. Schiller, Y. Oreg, and K. Snizhko, Extracting the Scaling
Dimension of Quantum Hall Quasiparticles from Current
Correlations, Phys. Rev. B 105, 165150 (2022).

[44] B. Lee, C. Han, and H.-S. Sim, Negative Excess Shot Noise
by Anyon Braiding, Phys. Rev. Lett. 123, 016803 (2019).

[45] 1. Safi, Fluctuation-Dissipation Relations for Strongly
Correlated Out-of-Equilibrium Circuits, Phys. Rev. B
102, 041113(R) (2020).

[46] T.G. Griffiths, E. Comforti, M. Heiblum, A. Stern, and
V. Umansky, Evolution of Quasiparticle Charge in the

011030-18


https://doi.org/10.1126/science.267.5200.1010
https://doi.org/10.1126/science.1099950
https://doi.org/10.1126/science.1099950
https://doi.org/10.1103/PhysRevLett.72.724
https://doi.org/10.1103/PhysRevLett.72.724
https://doi.org/10.1103/PhysRevLett.75.2196
https://doi.org/10.1103/PhysRevLett.75.2196
https://doi.org/10.1103/PhysRevLett.79.2526
https://doi.org/10.1038/38241
https://doi.org/10.1038/20384
https://doi.org/10.1038/nature06855
https://doi.org/10.1038/nature06855
https://doi.org/10.1103/PhysRevB.69.205302
https://arXiv.org/abs/1401.5950
https://doi.org/10.1126/science.aau3539
https://doi.org/10.1103/PhysRevB.51.2363
https://doi.org/10.1103/PhysRevB.93.045102
https://doi.org/10.1103/PhysRevB.93.045102
https://doi.org/10.1038/s41467-019-09758-x
https://doi.org/10.1038/s41467-019-09758-x
https://doi.org/10.1103/PhysRevLett.49.957
https://doi.org/10.1007/BF02727953
https://doi.org/10.1103/PhysRevLett.50.1395
https://doi.org/10.1103/PhysRevLett.52.1583
https://doi.org/10.1103/PhysRevLett.52.1583
https://doi.org/10.1103/PhysRevLett.53.722
https://doi.org/10.1103/PhysRevLett.53.722
https://doi.org/10.1103/PhysRevLett.99.236807
https://doi.org/10.1103/PhysRevLett.99.236807
https://doi.org/10.1103/PhysRevLett.99.236806
https://doi.org/10.1103/PhysRevLett.99.236806
https://doi.org/10.1038/s41586-018-0184-1
https://doi.org/10.1126/science.abg6116
https://doi.org/10.1038/s41567-020-1019-1
https://doi.org/10.1038/s41567-020-1019-1
https://doi.org/10.1126/science.aaz5601
https://doi.org/10.1103/PhysRevLett.116.156802
https://doi.org/10.1103/PhysRevLett.116.156802
https://doi.org/10.1038/s41467-022-34329-y
https://doi.org/10.1103/PhysRevB.106.085405
https://doi.org/10.1103/PhysRevB.106.085405
https://doi.org/10.1103/PhysRevB.67.045307
https://doi.org/10.1103/PhysRevB.67.045307
https://arXiv.org/abs/2206.08068
https://arXiv.org/abs/2207.07172
https://doi.org/10.1038/ncomms11131
https://doi.org/10.1038/ncomms11131
https://doi.org/10.1016/S0370-1573(99)00123-4
https://doi.org/10.1103/PhysRevB.95.115308
https://doi.org/10.1103/PhysRevB.91.195151
https://doi.org/10.1103/PhysRevB.105.165150
https://doi.org/10.1103/PhysRevLett.123.016803
https://doi.org/10.1103/PhysRevB.102.041113
https://doi.org/10.1103/PhysRevB.102.041113

CROSS-CORRELATION INVESTIGATION OF ANYON ...

PHYS. REV. X 13, 011030 (2023)

Fractional Quantum Hall Regime, Phys. Rev. Lett. 85, 3918
(2000).

[47] C.L. Kane and M. P. A. Fisher, Transport in a One-Channel
Luttinger Liquid, Phys. Rev. Lett. 68, 1220 (1992).

[48] X.G. Wen, Theory of the Edge States in the Fractional
Quantum Hall Effects, Int. J. Mod. Phys. B 06, 1711 (1992).

[49] J.-Y. M. Lee, C. Hong, T. Alkalay, N. Schiller, V. Umansky,
M. Heiblum, Y. Oreg, and H.S. Sim, Partitioning of
Diluted Anyons Reveals Their Braiding Statistics, arXiv:
2209.15461.

[50] A.M. Chang, Chiral Luttinger Liquids at the Fractional
Quantum Hall Edge, Rev. Mod. Phys. 75, 1449 (2003).

[51] M. Heiblum and D. E. Feldman, Edge Probes of Topologi-
cal Order, Int. J. Mod. Phys. A 35, 2030009 (2020).

[52] I. Safi and H. Saleur, One-Channel Conductor in an Ohmic
Environment: Mapping to a Tomonaga-Luttinger Liquid
and Full Counting Statistics, Phys. Rev. Lett. 93, 126602
(2004).

[53] S. Jezouin, M. Albert, F. Parmentier, A. Anthore, U.
Gennser, A. Cavanna, 1. Safi, and F. Pierre, Tomonaga-
Luttinger Physics in Electronic Quantum Circuits, Nat.
Commun. 4, 1802 (2013).

[54] A. Anthore, Z. Iftikhar, E. Boulat, F. D. Parmentier, A.
Cavanna, A. Ouerghi, U. Gennser, and F. Pierre, Circuit
Quantum Simulation of a Tomonaga-Luttinger Liquid with
an Impurity, Phys. Rev. X 8, 031075 (2018).

[55] M. Ruelle, E. Frigerio, J.-M. Berroir, B. Placais, J. Rech, A.
Cavanna, U. Gennser, Y. Jin, and G. Feve, following paper,
Comparing Fractional Quantum Hall Laughlin and Jain
Topological Orders with the Anyon Collider, Phys. Rev. X
13, 011031 (2023).

[56] Z. Iftikhar, A. Anthore, S. Jezouin, F. Parmentier, Y. Jin, A.
Cavanna, A. Ouerghi, U. Gennser, and F. Pierre, Primary
Thermometry Triad at 6 mk in Mesoscopic Circuits, Nat.
Commun. 7, 12908 (2016).

[57] S. Jezouin, F. D. Parmentier, A. Anthore, U. Gennser, A.
Cavanna, Y. Jin, and F. Pierre, Quantum Limit of Heat Flow
across a Single Electronic Channel, Science 342, 601
(2013).

[58] H. le Sueur, C. Altimiras, U. Gennser, A. Cavanna, D.
Mailly, and F. Pierre, Energy Relaxation in the Integer
Quantum Hall Regime, Phys. Rev. Lett. 105, 056803
(2010).

[59] P. Roulleau, F. Portier, D. C. Glattli, P. Roche, A. Cavanna,
G. Faini, U. Gennser, and D. Mailly, Direct Measurement of
the Coherence Length of Edge States in the Integer
Quantum Hall Regime, Phys. Rev. Lett. 100, 126802
(2008).

[60] M. Kapfer, Dynamic of Excitations of the Fractional
Quantum Hall Effect: Fractional Charge and Fractional
Josephson Frequency, Ph.D. thesis, Université Paris-Saclay,
SPEC, CEA-Saclay, 91191 Gif-sur-Yvette, France, 2018.

[61] O. Lumbroso, L. Simine, A. Nitzan, D. Segal, and O. Tal,
Electronic Noise due to Temperature Differences in Atomic-
Scale Junctions, Nature (London) 562, 240 (2018).

[62] E. Sivre, H. Duprez, A. Anthore, A. Aassime, F. Parmentier,
A. Cavanna, A. Ouerghi, U. Gennser, and F. Pierre,
Electronic Heat Flow and Thermal Shot Noise in Quantum
Circuits, Nat. Commun. 10, 5638 (2019).

[63] S. Larocque, E. Pinsolle, C. Lupien, and B. Reulet, Shot
Noise of a Temperature-Biased Tunnel Junction, Phys. Rev.
Lett. 125, 106801 (2020).

011030-19


https://doi.org/10.1103/PhysRevLett.85.3918
https://doi.org/10.1103/PhysRevLett.85.3918
https://doi.org/10.1103/PhysRevLett.68.1220
https://doi.org/10.1142/S0217979292000840
https://arXiv.org/abs/2209.15461
https://arXiv.org/abs/2209.15461
https://doi.org/10.1103/RevModPhys.75.1449
https://doi.org/10.1142/S0217751X20300094
https://doi.org/10.1103/PhysRevLett.93.126602
https://doi.org/10.1103/PhysRevLett.93.126602
https://doi.org/10.1038/ncomms2810
https://doi.org/10.1038/ncomms2810
https://doi.org/10.1103/PhysRevX.8.031075
https://doi.org/10.1103/PhysRevX.13.011031
https://doi.org/10.1103/PhysRevX.13.011031
https://doi.org/10.1038/ncomms12908
https://doi.org/10.1038/ncomms12908
https://doi.org/10.1126/science.1241912
https://doi.org/10.1126/science.1241912
https://doi.org/10.1103/PhysRevLett.105.056803
https://doi.org/10.1103/PhysRevLett.105.056803
https://doi.org/10.1103/PhysRevLett.100.126802
https://doi.org/10.1103/PhysRevLett.100.126802
https://doi.org/10.1038/s41586-018-0592-2
https://doi.org/10.1038/s41467-019-13566-8
https://doi.org/10.1103/PhysRevLett.125.106801
https://doi.org/10.1103/PhysRevLett.125.106801

