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Partitioning of diluted anyons reveals their 
braiding statistics

June-Young M. Lee1,4, Changki Hong2,4, Tomer Alkalay2,4, Noam Schiller3, Vladimir Umansky2, 
Moty Heiblum2 ✉, Yuval Oreg3 & H.-S. Sim1 ✉

Correlations of partitioned particles carry essential information about their 
quantumness1. Partitioning full beams of charged particles leads to current 
fluctuations, with their autocorrelation (namely, shot noise) revealing the particles’ 
charge2,3. This is not the case when a highly diluted beam is partitioned. Bosons or 
fermions will exhibit particle antibunching (owing to their sparsity and discreteness)4–6. 
However, when diluted anyons, such as quasiparticles in fractional quantum Hall states, 
are partitioned in a narrow constriction, their autocorrelation reveals an essential 
aspect of their quantum exchange statistics: their braiding phase7. Here we describe 
detailed measurements of weakly partitioned, highly diluted, one-dimension-like 
edge modes of the one-third filling fractional quantum Hall state. The measured 
autocorrelation agrees with our theory of braiding anyons in the time domain 
(instead of braiding in space); with a braiding phase of 2θ = 2π/3, without any fitting 
parameters. Our work offers a relatively straightforward and simple method to 
observe the braiding statistics of exotic anyonic states, such as non-abelian states8, 
without resorting to complex interference experiments9.

Fractional quantum Hall (FQH) systems host exotic quasiparticles 
(QPs), named anyons, that carry fractional charges and obey fractional 
statistics. An adiabatic braiding of abelian anyons leads to an added 
fractional statistical phase 2θ, whereas for non-abelian anyons, the 
original state transforms into another degenerate state8,10,11. The charge 
of the QPs can be determined by partitioning a full beam of QPs, leading 
to excess shot noise (autocorrelation of charge fluctuations)2,3. Here we 
demonstrate that partitioning a dilute anyon beam reveals the braiding 
phase of the QPs in the autocorrelation’s Fano factor.

The traditional strategy to observe the statistics of QPs of FQH 
states involves interference in a Fabry–Pérot interferometer12,13 or a 
Mach–Zehnder interferometer14, where edge modes circulate local-
ized QPs in the insulating bulk. Another recent approach15 exploited 
a configuration of three quantum point contacts (QPCs) where two 
highly dilute beams, partitioned by two side QPCs, ‘collided’ at a central 
QPC (a typical Hong–Ou–Mandel configuration16–18). Measured for 
the anyonic one-third filling FQH state, the cross-correlation of the 
back-scattered QPs beams was interpreted as a partly anyonic bunch-
ing at the central QPC15,19.

A different origin of the three-QPC outcome is based on time-domain 
braiding between the two impinging dilute anyon beams and the ther-
mally (or vacuum) excited particle–hole anyon pairs at the central 
QPC7,9. To test this scenario, we focused on a two-QPC geometry where 
one QPC dilutes an anyon beam, further partitioned by a second QPC, 
resulting in excess shot noise (autocorrelation). Testing under differ-
ent conditions, such as beam dilution, the second QPC’s transmission 
and beam travel distance, we found an anomalous autocorrelation 

Fano factor ( diluteF ) that agrees with our theory of time-domain braid-
ing at the second (partitioning) QPC (without any fitting parameters).

Notably, although the theoretical description of the time-domain 
anyon braiding in a QPC is based on the chiral Luttinger liquid (CLL) 
theory (or the equivalent conformal field theory)7,9, the saddle potential 
in the QPCs20 is far from the ideal barrier in the CLL theory. To overcome 
this difficulty, we developed a theoretical description that hybridizes 
the CLL theory and a phenomenological theory in the spirit of the suc-
cessful ubiquitous approach of charge determination via autocorrela-
tion measurements2,3.

Shot noise of full beam
Our experimental set-up is shown in Fig. 1a (Supplementary Note I). The 
source (S) is biased by voltage VS, injecting a full QP beam with current 
IS = GVS, flowing chirally along Edge1, with conductance G = νe2/h at 
filling factor ν = 1/3, where e is the electron charge and h is the Planck 
constant. The full beam is highly diluted by QPC1, with a reflection 
probability RQPC1 and thus current IQPC1 = ISRQPC1. The dilute beam flows 
chirally along Edge2, impinging at QPC2 (being 2 µm away), where it is 
further partitioned. The scattered current fluctuations are measured 
after being amplified by amplifiers A and B, with the spectral densities 
SA, SB and SAB measured. The charge of the diluted QPs e* was determined 
from the autocorrelation shot noise of QPC12,3,21–23
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which was determined by S S S S= + + 2QPC1 A B AB , with the electron temp
erature T and the Boltzmann constant kB (Fig. 1b and Methods). The 
data agree well with equation (1) with e* = e/3 (a similar measurement 
was performed with QPC2 (Supplementary Note II)).

We now elaborate on the phenomenological hybridization of the 
non-interacting expression in equation (1) and the interacting theory 
of the CLL. In the limit of very large VS/T and very small RQPC1, equation (1) 
agrees with the prediction of the CLL theory. In the CLL theory, the 
current and shot noise are expressed as I e W W= *( − )QPC1 1→2 2→1  and 
S e W W= 2 * ( + )QPC1

2
1→2 2→1 , where Wi→j is the tunnelling rate of an anyon 

from Edgei to Edgej. When a full (undiluted) biased beam obeys 
e V k T* S B≫ , the rate W2→1 is exponentially suppressed compared with 
W1→2, resulting in S e I= 2 *QPC1 QPC1 . The phenomenological binomial  
factor (1 − RQPC1) in equation  (1) relates to charge fluctuation of 
non-interacting particles in the QPC. The temperature-dependent term 
emanates from the detailed balance principle22.

Time-domain braiding by diluted beam
We extend equation (1) to the two-QPC configuration. When a diluted 
beam is partitioned by QPC2, the spectral density SQPC2 of the excess 
autocorrelation of current fluctuations in QPC2 can be expressed as
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with Fdilute  being dependent on the diluting RQPC1 of the beam (Sup-
plementary Note III), and RQPC2 is the reflection probability of QPC2. 
This expression has the same structure as equation (1), with the  
replacement of IS with IQPC1 and RQPC1 with RQPC2. In the limit of large VS 
and small RQPC2, it becomes S e I= × 2 *QPC2 dilute QPC2F  with the current 
IQPC2 = IQPC1RQPC2. It is noted that for free fermions F = 1.dilute

The Fano factor diluteF  distinguishes between different partitioning 
processes. We consider the limits of large VS and small RQPC2, where 
I e W W= *( − )QPC2 2→3 3→2 , with spectral density S e W W= 2 * ( + )QPC2

2
2→3 3→2 , 

and F W W W W= ( + )/( − )dilute 2→3 3→2 2→3 3→2 . Among possible partitioning 
processes, we first consider the trivial partitioning where an anyon in 

the dilute beam directly tunnels at QPC2 from Edge2 to Edge3 (Fig. 2a). 
This ubiquitous partitioning manifests particle antibunching4–6, regard-
less of whether the particle is a boson, a fermion or an anyon. Here 

= 1diluteF  as the rate W2→3 exponentially dominates W3→2 at high enough 
voltage (e*VS ≫ kBT), in a similar fashion to the partitioning of a full 
beam.

However, the trivial partitioning process of a highly diluted anyonic 
beam with a high source voltage VS leads to only a subdominant con-
tribution to the observables. Instead, a more dominant process, which 
involves anyon braiding, takes place7,9. In this process, which we call 
time-domain braiding, the anyon that tunnels at QPC2 is not an arriving 
anyon of the dilute beam but a thermally (or virtually) excited anyon. 
The excited anyon tunnels between Edge2 and Edge3 (for example, 
from Edge2 to Edge3) at time t1, leaving a hole behind (on Edge2). This 
anyon tunnels back at time t2 and is ‘pair annihilated’ with the hole as 
long as t t ħ k T− /2 1 B≲ , where ħ is the reduced Planck constant. These 
probabilistic events of the particle–hole excitation and recombination 
form a loop in the time domain. The time-domain loop of the thermal 
anyon in QPC2 braids with the anyons in the diluted beam that arrive 
at QPC2 during the time interval t2–t1 (Fig. 2b), thus gaining a braiding 
phase (see below). The time-domain braiding dominates over the 
trivial partitioning as, according to the CLL theory, anyon tunnelling 
at a QPC becomes suppressed at higher energy. Within QPC2, anyon 
tunnelling for a thermal particle–hole pair excitation (with energy 
approximately kBT) happens much more frequently than the tunnelling 
of an arriving diluted anyons (with energy approximately e*VS ≫ kBT, 
and required for the trivial partition).

Being fundamental in our experiment, we stress the time-domain 
braiding process again. The thermal particle–hole excitation happens 
at QPC2 between Edge2 and Edge3 either before (at t1) or after (at t2) 
the arrival of the diluted anyons at QPC2. These two subprocesses dif-
fer by an exchange phase, as the spatial order of the anyons (the thermal 
particle–hole and the arriving dilute anyons) on Edge2 differs between 
the subprocesses (Supplementary Fig. 9 and Supplementary Video 1). 
The interference between the subprocesses forms the time-domain 
loop of the thermal anyons that braids the diluted anyons. This braid-
ing process leads to a modified Fano factor diluteF  (Methods and Sup-
plementary Note III)
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Fig. 1 | Partitioning diluted anyons in a two-QPC geometry. a, The 
experimental set-up. False-colour scanning electron microscope image with 
edge modes. The metallic gates of the QPC are coloured yellow. The ohmic 
contacts are more than 100 µm away from the core structure. The source 
current propagates along Edge1 and is diluted by QPC1 with RQPC1. The diluted 
beam reaches QPC2 fabricated 2 μm away along Edge2. Partitioning takes  
place in QPC2 with back reflection along Edge3. The two amplifiers measure 
the excess autocorrelations and the cross-correlation. b, The spectral density 
of the noise generated by QPC1, with charge e* = e/3 (blue dots, data; yellow 
dashed line, expected). It is obtained by a summation of the autocorrelations 
and cross-correlation of the current fluctuation in QPC2 diluted by QPC1 
(Methods). Using this method, the injected QP charge towards QPC2 was  
found to be e/3. The experimental parameters are shown on the top left (detail 
in Supplementary Note II). The expected shot noise for a charge e* = e is shown 
for comparison (red dashed line).
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Fig. 2 | Trivial and braiding partitioning processes in QPC2. a, Trivial 
partitioning: QPC1 dilutes the incoming beam by reflection RQPC1 (red 
wavepackets), which is partitioned further in QPC2 by RQPC2. Shot noise is 
proportional to RQPC1RQPC2. b, Time-domain braiding: QPC1 dilutes the incoming 
beam by reflection RQPC1 (red wavepackets). A thermally activated particle-like 
anyon, depicted by a blue wavepacket (leaving a hole, a white wavepacket) 
tunnels within QPC2 (blue arrow from one edge mode to another) at time t1.  
The diluted anyon arrived (with probability RQPC1). The particle anyon tunnels 
back at a later time t2 (blue dashed arrows), thus braiding the arriving diluted 
anyon during the interval time t2–t1.
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when RQPC1 ≪ 1. Here, δ is the scaling dimension of anyon tunnelling at 
QPC2, and 2θ (≠0, 2π) is the braiding angle. The value = 3.27diluteF  is 
obtained with the ideal ν = 1/3 state, with the corresponding δ = 1/3 and 
θ = π/3.

As measuring the excess autocorrelation of a highly diluted beam 
is challenging, we developed a phenomenological theory for a mod-
erately diluted beam. Going beyond the CLL theory, the critical step 
is the identification of the average braiding phase in the time-domain 
braiding process

∑e P e R R e� � = = (1 − + ) , (4)kθ

k

n

k
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where k denotes the number of anyons in the dilute beam which arrive 
at QPC2 in the time interval t2–t1. The phase term e2ikθ corresponds to 
the braiding phase of a thermally excited anyon with each of the arriv-
ing anyons. The probability Pk of the k anyon event is naturally assumed 
to follow the binomial distribution P R R= ( ) (1 − )k

n
k n k

k n k!
! ( − ) ! QPC1 QPC1

− , 
that is, the probability for k anyons being reflected by QPC1 with reflec-
tion probability RQPC1. The maximum value of k is n I t t e= ( − )/ *S 2 1 . The 
average braiding phase is implemented in the calculation of Fdilute using 
the ideal CLL parameters (as above) and integrating over the time  
difference t2–t1. As the beam is less diluted (that is, fuller), the trivial 
partitioning process is also considered in the above expression, 
although its contribution is small (Methods and Supplementary  
Note III). It is noted that the average braiding phase is e� � = 1kθ2i

binomial  
for fermions (θ = π) and for bosons (θ = 0).

Experimental results
We measured the excess spectral density SB of the excess autocorrela-
tion for two partitioning cases: injection of a full beam and injection 
of a dilute beam. We first performed these measurements in the integer 
regime (the outer edge mode of filling factor v = 3). The Fano factors 
in both cases agree with trivial partitioning = 1diluteF , with the expected 
electronic charge e* = e (Supplementary Note II). Similar measurements 
were performed at filling v = 1/3. Injecting a full beam led to SB agreeing 
with equation (1) with charge e* ≈ e/3 (Supplementary Note II). Inject-
ing a dilute beam, with RQPC1,RQPC2 ≈ 0.1 ≪ 1, the experimental values of 
Fdilute were found close to ≈ 3.27diluteF  (equations (3) and (4), and Fig. 3); 
ruling out the trivial process ( = 1diluteF ) and substantiating the 
time-domain braiding process. Here we utilized that SB coincides with 
SQPC2 at large voltages (Supplementary Note IV).

In Fig. 4, the spectral density SB of the autocorrelation was measured 
with varying dilutions, RQPC1, and different partitioning, RQPC2. With less 
dilution (‘fuller’ beam), the time-domain braiding process gives rise 
to smaller Fdilute and the trivial partitioning contribution to Fdilute is 
higher, albeit still small. Notice the excellent agreement between  
the experimental data and the phenomenological theory over a wide 
range of VS/T, RQPC1 and RQPC2, without fitting parameters. The deviation 
of the data from the theory at large VS, compounded with less dilution 
(larger RQPC1), is probably due to the variation of the QPC reflection with 
the source voltage VS (not taken into account in the theory).

Time-domain braiding requires coherence between the two subproc-
esses7,9. The agreement between the experimental data and the theory 
with 2θ = 2π/3 and δ = 1/3 in Figs. 3 and 4 implies that the inter-QPC 
distance of 2 µm is indeed shorter than the phase coherence length, 
and edge reconstruction24 does not take place. To test this assumption, 
we fabricated a similar two-QPC geometry with an inter-QPC distance 
of 20 µm. In this case, the measured SB showed a clear deviation from 
F ≈ 3.27dilute , following the trivial formalism of equation (1) for non- 
interacting particles, with RQPC1 → RQPC1RQPC2 (ref. 25; Fig. 5).

We extended our study to the fraction ν = 2/5 (Supplementary  
Note V). Partitioning dilute anyons with e*  = e/3 (the outermost edge 
mode) at QPC2, we find a Fano factor close to ≈ 3.27diluteF , which  

supports the time-domain braiding with 2θ = 2π/3 and δ = 1/3 as in 
ν = 1/3. However, partitioning with QPC2 the inner edge mode (conduct-
ance e2/15h), carrying charge e* = e/5, we found ≈ 1diluteF , which is in 
our measurement’s uncertainty (RQPC1 = 0.088 and RQPC2 = 0.186). The 
result is close to the Fano factor corresponding to the trivial partition 
process (see above).

Promise of time-domain braiding
It might be worthwhile to compare our two-QPC configuration with 
a recent work based on a three-QPC set-up15. In the latter work, the 
measured cross-correlation (of partitioned diluted 1/3-filling beams) 
agreed with quantum calculations9,19, and was attributed to ‘anyon 
bunching by collision’ following a classical lattice model19. The collision 
is a different process from the time-domain braiding, providing only a 
subdominant contribution to the cross-correlation (similarly to trivial 
partitioning)9. In the collision process, two diluted anyons, injected 
from two side QPCs, simultaneously arrive at the central QPC and the 
presence of one anyon alters the tunnelling of the other one (at the 
central QPC) owing to anyonic bunching. Consequently, we tested our 
theory by performing a three-QPC experiment and found the results 
to agree well with our phenomenological approach (at a relatively 
large RQPC1), supporting the underlying physics of the time-domain 
anyon braiding (Supplementary Note VI). Therefore, we believe that 
the previous three-QPC experimental results15 should be regarded as 
time-domain braiding rather than anyon bunching. We note that two 
recent experiments also support the time-domain braiding process26,27.

Here we demonstrate a relatively simple experimental configuration 
that identifies the statistical phase of abelian anyons in the FQH states. 
Our findings are also substantial considering the long-time disagree-
ments between experiments (conductance and shot noise) and the 
chiral Luttinger theory28. For example, the theoretical voltage depend-
ence of reflection probability in a QPC, R V∝ δ

QPC
2 −2 , has not been  

confirmed experimentally (Supplementary Note II). As such, it is worth 
examining the robustness of our Fano factor, Fdilute, with respect to a 
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variation in the scaling dimension δ. We find that Fdilute is expected to 
vary only by 10% throughout the range 1/3 < δ < 2/3 (Supplementary 
Note III).

Although it is natural to expect that a highly diluted particle beam, such 
as photons or electrons4–6, exhibits single-particle scattering at a bar-
rier, our work shows an exception to this expectation: impinging highly 
diluted fractional QPs undergo multi-particle scattering at a QPC con-
striction, as they are topologically linked (braided) with the time-domain 
trajectory of thermally excited anyons within the constriction. This feat 
is accomplished by a relatively simple two-QPC configuration—allowing 
a straightforward identification of the braiding phase in a considerably 
simpler method than interference experiments. Moreover, our work 
suggests a promising route towards observing the topological order of 
non-abelian anyons, such as in the 5/2 filling in the FQH regime9.
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Theory of the Fano factor
In the CLL theory and the equivalent conformal field theory9, the 
time-domain braiding process is described by a non-equilibrium cor-
relator Cneq(t1, t2) of the anyon tunnelling operator at QPC2 in the pres-
ence of a dilute anyon beam impinging at QPC2. It is expressed as 
C t t e C t t( , ) = � � ( , )kθ

neq 1 2
2i

Poissonian eq 1 2 in the limit of a highly diluted beam, 
namely, RQPC1 ≪ 1, where Cneq(t1, t2) is the equilibrium correlator in the 
absence of the dilute beam. Here, ∑e Q e� � =kθ

k k
kθ2i

Poissonian =0
∞ 2i  is the 

average of the braiding phase e2ikθ, which accumulates when the 
time-domain loop of thermally excited anyons braids with k anyons of 
the dilute beam arriving at QPC2 in the time interval t2–t1. The probabil-
ity Qk represents k random anyon injections from Edge1 to Edge2 at 
QPC1 (Figs. 1 and 2) over the time interval t2–t1. For a highly diluted beam 
the Poisson distribution is Q m k e= ( / ! )k

k m− , where m I t t e= ( − )/ *QPC1 2 1 .
It is naturally expected that in a less dilute (‘fuller’) beam (with a 

relatively large RQPC1, yet small enough for anyon tunnelling), the dis-
tribution of anyons in the beam follows a binomial distribution rather 
than the Poissonian distribution. Hence, to describe the cases of less 
dilute beams, we replace the multiplicative factor e� �kθ2i

Poissonian by the 
average braiding phase e� �kθ2i

binomial, with the latter averaged over the 
binomial distribution in equation (4). Then the correlator is

( )C t t R R e C t t( , ) = 1 − + ( , ). (5)iθ t t
I
e

t t

neq 1 2 QPC1 QPC1
2 sign ( − ) * | − |

eq 1 2
2 1

S
1 2

In the dilute limit of RQPC1 ≪ 1, the multiplicative factor R(1 − +QPC1  
∣ ∣R e )θ t t

QPC1
±2i −

I
e

S
* 1 2  is reduced to the factor ∣ ∣e e t t−(1− ) −θ I

e
±2i QPC1

* 1 2  found in a 
previous work9. Employing Cneq(t1, t2) with an integral over t2–t1, it is 
straightforward to compute the rates of anyon tunnelling (back and 
forth) at QPC2 in the time-domain braiding process. At zero tempera-
ture and RQPC2 ≪ 1, we get

W e R e

W e R e

∝ Re[ (−log(1 + ( − 1))) ],

∝ Re[ (−log(1 + ( − 1))) ],
(6)

δ θ δ

δ θ δ

2→3
braid iπ

QPC1
−i2 2 −1

3→2
braid iπ

QPC1
−i2 2 −1

with the full expressions given in Supplementary Note III. In contrast 
to the trivial process where W3→2 is exponentially suppressed compared 
with W2→3, both W 2→3

braid and W 3→2
braid are non-negligible in the time-domain 

braiding. The appearance of the combination (e±i2θ − 1) in equation (6) 
implies that the rates W 2→3

braid and W 3→2
braid vanish, and thus do not contrib-

ute to the tunnelling currents and noise at QPC2 in the cases of fermi-
ons (θ = π) or bosons (θ = 0). Hence the time-domain braiding does not 
exist with fermions or bosons, but only with anyons29–32.

When the time-domain braiding process dominates over other pro-
cesses, the Fano factor is written as

W W

W W

δ
R e

R e

=
+

−

= −cotπ
Re[(−log(1 + ( − 1))) ]

Im[(−log(1 + ( − 1))) ]
.

(7)
θ δ

θ δ

dilute
2→3
braid

3→2
braid

2→3
braid

3→2
braid

QPC1
−i2 2 −1

QPC1
−i2 2 −1

F

In the dilute limit of RQPC1 ≪ 1, we find δ→ − cotπ e

edilute
Re[(1 − ) ]

Im[(1 − ) ]

θ δ

θ δ

−i2 2 −1

−i2 2 −1F  

as in equation (3). That zero-temperature value of diluteF  of the two-QPC 
set-up corresponds to the Fano factor of the cross-correlation of a 
three-QPC set-up predicted in refs. 9,19. As the beam becomes less 
dilute (‘fuller’), the trivial partitioning process contributes more to the 
rates of W 2→3

triv  and W 3→2
triv  (Supplementary Note III). Then the Fano factor 

diluteF  is obtained according to all the rates accounted for all the pro-
cesses, W W W= +2→3 2→3

braid
2→3
triv  and W W W= +3→2 3→2

braid
3→2
triv , with the experi-

mentally measured RQPC1 as input of the calculation. We note that W 2→3
triv  

and W 3→2
triv  are not negligible but much smaller than W 2→3

braid and W 3→2
braid for 

the values of RQPC1 studied in our experiments.
It should be noted that partitioning a non-diluted beam can provide 

an anyonic signature through a different process from our partitioning 
a strongly diluted beam33.

Obtaining SQPC1 in a two-QPC configuration
While performing the two-QPC measurements, the noise generated 
by QPC1 (SQPC1) is not directly accessible (owing to the locations of the 
amplifiers). However, current conservation can be used to relate SQPC1 
to the correlations measured in the experiment. By current conserva-
tion in QPC2

I I I= + ,QPC1 QPC2
A

QPC2
B

where IQPC1 is the dilute current generated by QPC1 and I QPC2
A/B  is the out-

put current of QPC2 that reaches amplifier A/B (Fig. 1a). The same  
relation also holds for the averages

I I I� � = � � + � � .QPC1 QPC2
A

QPC2
B

Subtracting these two equations and taking the square we arrive at 
a relation between the current correlations

S S S S= + + 2 ,QPC1 A B AB

which allows us to obtain SQPC1 by summing the autocorrelations (SA 
and SB) and the cross-correlation (SAB) measured in the experiment.
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