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We investigate quantum error correction
protocols for neutral atoms quantum pro-
cessors in the presence of atom loss. We
complement the surface code with loss de-
tection units (LDU) and analyze its per-
formances by means of circuit-level simula-
tions for two distinct protocols – the stan-
dard LDU and a teleportation-based LDU
–, focussing on the impact of both atom
loss and depolarizing noise on the logical
error probability. We introduce and em-
ploy a new adaptive decoding procedure
that leverages the knowledge of loss lo-
cations provided by the LDUs, improving
logical error probabilities by nearly three
orders of magnitude compared to a naive
decoder. For the considered error mod-
els, our results demonstrate the existence
of an error threshold line that depends lin-
early on the probabilities of atom loss and
of depolarizing errors. For zero depolariz-
ing noise, the atom loss threshold is about
2.6%.

1 Introduction

Quantum error correction (QEC) is essential for
realizing robust quantum memories and fault-
tolerant quantum computing. Since its theoreti-
cal foundation in the 1990s [1–5], numerous pro-
tocols have been developed to achieve QEC for
different, often rather abstract, noise models. Re-
cent experimental demonstrations of QEC in sev-
eral quantum computing platforms [6–14] are now
motivating the development of QEC strategies
that are tailored to the specific noise sources of
each individual platform.

Neutral atom quantum processors have re-
cently emerged as a leading technology for large-
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scale fault tolerant quantum computing [10, 12,
13, 15–24]. They are characterized by the pos-
sibility to encode qubits in internal states of the
atoms with very long coherence times (up to tens
of seconds), trap qubits in arbitrary geometries
using optical tweezer arrays, dynamical reconfig-
urability of the array geometries, scalability to
tens of thousands of qubits, high-fidelity multi-
qubit operations mediated by electronically ex-
cited Rydberg states, which can be efficiently con-
trolled using laser fields.

Neutral atom quantum processors also present
noise sources that are specific to the platform,
including leakage out of the computational sub-
space through, e.g. spontaneous decay from
a highly-excited electronic Rydberg state to a
lower-energy state, population remaining in the
Rydberg state after a given quantum gate or
black-body radiation [22]. To address leakage
errors, hardware-specific approaches have been
suggested [21, 25] as well as circuit-based tech-
niques [26]. For example, in alkaline-earth-like
atoms such as 171Yb, encoding the computational
states into metastable states causes a large frac-
tion of gate errors to leak out of the qubit sub-
space. These leakage errors can be detected and
converted to erasure errors, easier to decode than
standard Pauli errors [22, 25, 27–29]. Erasure
conversion mechanism is not limited to neutral
atom architectures and has also been studied in
the context of superconducting circuits [30–34]
and cold ions [35].

One particularly important source of errors
that is specific to the neutral atom platform is
the loss of atoms during computation. Atom loss
can occur due to several mechanisms, including
heating that causes atoms to escape the optical
traps, collisions with background gas particles, or
anti-trapping during an excitation to a Rydberg
state [10, 26, 36–38]. We note that Rydberg leak-
age errors can also be converted into atom loss er-
rors using the repulsive force of the trap [37]. A
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promising approach to identify and correct atom
losses is provided by so-called loss detection units
(LDU) [2, 4, 26, 30, 37, 39–41], which are small
circuits attached to each data qubit, entangling
the latter with an additional atom. The perfor-
mances of QEC protocols supplemented with the-
ses LDUs in the presence of atom loss have not
been evaluated to date.

In this work, we investigate QEC protocols sup-
plemented with two types of LDUs: a standard
LDU [2, 4], which operates by entangling the
LDU’s atom with the presence of the data qubit,
and a teleportation-based LDU scheme [37, 39]
where the state of the original data atom is trans-
ferred to a new, fresh atom. We focus on the ro-
tated surface code [12, 42–44], which has emerged
as a leading choice for fault-tolerant quantum
computation. We investigate its tolerance to
atom loss errors and depolarizing noise, a com-
mon approach for modelling noisy gates, by per-
forming circuit-level simulations. We derive the
scaling laws for logical error probability in the
asymptotic regime of low physical error proba-
bility. We demonstrate the existence of an error
threshold that depends linearly on the probabili-
ties of both atom loss and depolarizing noise. In
particular, for zero depolarizing noise, we find
an atom loss threshold around 2.6% for both
LDU schemes. Finally, we conduct a comparative
analysis of both LDU protocols, finding that the
teleportation-based LDU outperforms the stan-
dard LDU in terms of achievable logical error
probabilities, since it requires fewer two-qubit
gates. It also avoids the need for active feed-
back. Both schemes require approximately the
same number of atoms, with a slight advantage
for the teleportation-based LDU.

For our analysis, we extend the minimal weight
perfect matching (MWPM) decoder [45–48], a
widely used decoding algorithm, to handle
losses. Specifically, we incorporate the available
information about the loss locations, namely
the rounds and positions of lost qubits, into
the algorithm by modifying the graph’s weights
on which MWPM is executed. In the absence
of depolarizing noise, this allows us to cor-
rect up to d − 1 errors for a surface code of
distance d, analogous to an erasure channel.
The decoding algorithm leads to a logical error
probability reduction of almost three orders of
magnitude compared to a naive decoding scheme.

This article is organized as follows: Section 2
outlines the error models used in our study, in-
cluding both atom loss and depolarizing noise.
Section 3 introduces the two distinct LDU proto-
cols — the standard LDU and the teleportation-
based LDU — detailing their design and opera-
tions. In Section 4, we present the principle of
the new decoder adapted for losses. Using this
decoding scheme, we analyze in Section 5 the log-
ical error probabilities for both protocols under
varying noise conditions. We further discuss the
results and compare the performance of the pro-
tocols. To emphasize the performance of our de-
coding scheme, we compare it to a naive decoder
in Section 6. In Section 7, we detail the numer-
ical method used to implement the surface code
supplemented with these LDUs. Finally, in Sec-
tion 8, we investigate a refined loss model that
accounts for the impact on the remaining atom
when the other atom is lost during the execution
of a CZ gate.

2 Error models

In this section, we detail the circuit-level error
models used to evaluate the performance of QEC.
In Sec. 2.1, we first describe the atom loss model
which accounts for losses during gate operations
due to Rydberg excitation and other mechanisms
such as collisions and heating effects. We then
present the depolarizing noise model, which char-
acterizes imperfections arising from pulse applica-
tions and environmental interactions in Sec. 2.2.
These models are combined to provide an accu-
rate description of errors on neutral atom sys-
tems.

2.1 Atom loss

A common approach to entangle neutral atoms
consists in exciting them to their Rydberg states
and engineering a CZ gate through the Rydberg
blockade effect [49, 50]. The latter consists in
the excitation of one atom to a high-energy Ry-
dberg state preventing nearby atoms from being
similarly excited due to strong van-der-Waals or
dipole-dipole interactions [18]. This procedure
can result in the anti-trapping of the atom in the
optical tweezer while in the Rydberg state, lead-
ing to a potential loss.
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Figure 1: Left circuit shows the typical operations seen
by a bulk data qubit during a round. The red cross indi-
cates loss of the data qubit between the first Hadamard
gate and the third CZ gate. To simulate the loss, sub-
sequent operations involving the lost atom are removed
as shown in the right ("Effective") circuit.

In our work, we assign to each two-qubit CZ
gate a certain probability pl of losing an atom
and assume that if both atoms are lost during the
gate, the two losses can be described as two inde-
pendent events (leading to a joint loss probability
of p2

l ). In principle, correlated loss—where both
atoms are lost with a probability proportional to
pl—can occur in real experiments [27]. While one
might intuitively expect that losing two atoms de-
grades performance, it is also possible that such
correlations could be exploited to enhance decod-
ing. However, we neglect this mechanism here
and leave its investigation for future work. Fur-
thermore, when an atom is lost during a CZ gate,
it is assumed that no entangling operation is car-
ried out on the remaining atom. Any subsequent
gates involving the lost atom (both one-qubit and
two-qubit gates) is erased until a new atom has
been reloaded (see Fig. 1). However, as discussed
in Sec. 2.2, two-qubit noise channels are con-
served in order to simulate the application of a
noisy pulse on the remaining atom.

We note that in principle the remaining atom
may be impacted by the loss of the other atom
during the CZ gate, possibly leading to a modified
noise channel. In Sec. 8, we explore a refined loss
model where the remaining atom experiences a
maximally biased Z error.

Other atom loss mechanisms, such as collisions
and heating effects, typically occur between gate
applications. These mechanisms are incorporated
into the loss probability pl of the subsequent CZ
gate, as they produce an equivalent effective cir-
cuit (i.e. the same gates are erased). For sim-
plicity, we assume that the time interval between
consecutive CZ gates is roughly uniform, making
these additional errors identical for each CZ gate.

Additionally, we note that, if one of the two
atoms is already lost before a given CZ gate is

performed, the remaining atom can still be lost
since a pulse is applied to it despite the absence
of the other atom. As a result, the probability of
an atom being lost at the i-th CZ gate, assuming
no fresh atom has been reloaded, is given by

pl,i = pl(1 − pl)i−1 (1)

where the term (1 − pl)i−1 gives the probability
that the atom is not lost in the first i − 1 CZ
gates. A detailed explanation of the simulation
method is provided in Sec. 7.

2.2 Depolarizing noise

Imperfect pulse applications and coupling to en-
vironmental degrees of freedom introduce noise
into gates. This noise can be converted into a
Pauli noise channel using the randomized com-
piling method [51–53]. To model these imperfec-
tions, it is standard to apply a simple depolar-
izing noise channel (unbiased Pauli noise chan-
nel) of error probability pd after each CZ gate.
Here, we consider that an atom involved in a CZ
gate where the other atom has been lost still ex-
periences a depolarizing noise channel. Combin-
ing this standard noise model with the atom loss
mechanism allows us to qualitatively assess the
performance of the LDU integrated in a QEC pro-
tocol as explained below.

3 Protocols

To improve the resilience of the surface code
against atom loss, we attach an LDU to each data
qubit at the end of each round of error correc-
tion (hereafter, the terms "round" and "cycle"
are used interchangeably), to verify its presence.

An LDU is composed of a dedicated ancilla
atom coupled to each data atom through a 2-
qubit entangling operation and a measurement.
In our simulation, we assume that the measure-
ment on the atom is perfect, non-destructive and
can distinguish three outcomes: the absence of
the atom and the computational states |0⟩ and
|1⟩. In experiments, this can typically be realized
using a protocol that detects the atom in one of
the two computational states (say |0⟩). By per-
forming an X gate and a second measurement, the
state |1⟩ can be read out. If no atom has been
detected in either of these two measurements, a
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loss has occurred. We note that alternative ap-
proaches involving a low-loss state detection tech-
nique [37, 54–56] are also possible.

In this work, we study two versions of LDUs,
namely the standard LDU [4, 26, 37] and the
teleportation-based LDU [37, 39], as presented in
Secs. 3.1 and 3.2 below, respectively. We further
note that the need for an LDU is restricted to
data qubits only, as they cannot be directly mea-
sured without compromising the logical quantum
information. Ancilla qubits used for stabilizer
measurements do not require LDUs, as their pres-
ence (or absence) can be directly inferred from
their measurements performed at the end of each
cycle of error correction.

3.1 Standard LDU

In the standard LDU protocol (see Fig. 2a), the
presence or absence of data qubit is entangled
with the computational states of the ancilla atom.
This is achieved by performing two CNOT gates
where the data atom is the control qubit and the
ancilla is the target qubit, with an X gate applied
to the data qubit in between the CNOT gates to
ensure that a bit-flip operation is carried out on
the ancilla regardless of the control qubit’s state.
If the data atom is absent, no operation is per-
formed on the ancilla, which remains in its initial
state. In that case, a new atom is reloaded in
place of the data qubit and initialized in |0⟩.

LDU’s CNOT gates can be recompiled into CZ
gates that are natively realized in neutral atom
quantum processors by introducing Hadamard
rotations on the target qubits. As a result, atom
losses associated with the CZ gates can also occur
during the execution of the LDU. If the ancilla is
lost, its absence is detected by its measurement,
and a new ancilla atom is introduced to perform
another LDU. However, if the data qubit is lost
during the second CZ gate of the LDU, the loss
has 50% probability to not be detected, resulting
in an atom not being reloaded in the next cycle.

Additionally, introducing depolarizing noise to
the CZ gates renders the LDU imperfect: i) First,
an effective 1-qubit depolarizing noise channel of
error probability ptel. LDU

d1
(see Sec. 7.2) is induced

on the data atom. ii) Second, with probability
pflip (see Sec. 7.2), the LDU might falsely indicate
the absence of atoms while still present or fail to
detect the loss of an atom causing the atom to
remain absent potentially over multiple rounds.

3.2 Teleportation-based LDU

In the teleportation-based LDU [37, 39] (see
Fig 2b), data qubits are systematically replaced
by fresh atoms. The state of the older atom is
transferred to the fresh one by means of a tele-
portation protocol using only one entangling gate.
During this protocol, the older data qubit is mea-
sured, testifying of its presence. There are three
possible outcomes:

i) When the data atom is present, there is a
50% probability that the state measured is |0⟩,
indicating that the state has been perfectly tele-
ported to the new atom.

ii) If the measurement output is one, the state
of the fresh atom will have a Z (phase flip) er-
ror. This Z error is not corrected immediately us-
ing a measurement feedback gate; instead, it can
be exactly addressed during the decoding process
by flipping the surrounding X stabilizer measure-
ments.

iii) In the case where the data atom has been
lost, this LDU simply adds a new atom into the
circuit initialized to |0⟩. If the fresh atom is lost
during the LDU, it cannot be immediately de-
tected, and the next round will proceed without
it. It will eventually be detected and a new atom
reloaded into the system in the subsequent cycle,
even in the presence of depolarizing noise.

Simulating the teleportation LDU with de-
polarizing noise on the CZ gate induces an
effective 1-qubit depolarizing noise channel on
the teleported state of error probability ptel. LDU

d1
(see Sec. 7.2), resulting in incorrect indications
for the heralded Z error.

3.3 Qualitative comparison of both protocols
and atom consumption

The teleportation-based LDU offers several ad-
vantages over the standard protocol. First, it
requires only one CZ gate compared to two in
the standard protocol. Second, it eliminates the
need for active feedback gate during computation,
whereas the standard protocol necessitates differ-
ent actions depending on the ancilla’s state. Fi-
nally, replacing all data qubits every round helps
to cool down the system, thereby reducing losses
due to heating. Although this cooling advantage
is not considered in our simulation, it remains a
significant benefit [37].
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Figure 2: Top: Circuit representations of the two LDU protocols where a) shows the standard LDU and b) the
teleportation LDU. In each cycle, data qubits are coupled to ancilla qubits using one of these protocols. Red circles
indicate the potential locations where atoms might be lost in the LDU. The loss of the ancilla qubit in the standard
LDU can always be detected using the measurement scheme, allowing for another LDU to be reapplied if necessary.
This effectively prevents any loss on them. Bottom: The logical error probability normalized by the number of rounds
for a surface code of distance d = 11 and d rounds of stabilizer measurements as a function of the loss probability pl

and the depolarizing error probability pd. The initial state is prepared in |0⟩L. c) corresponds to the standard LDU
protocol, and d) represents the teleportation-based LDU protocol. Each logical error probability was evaluated with
105 shots, except for regions with pl < 4.10−3 and pd < 2.10−3, where 106 shots were employed. The solid red line
marks the error threshold while the solid black lines show curves of constant logical error probability. The horizontal
and vertical dashed red lines indicate the threshold at vanishing depolarizing noise and loss probability, respectively.
For comparison, the threshold of the standard surface code is shown by a black dashed line. In d), the blank region
indicates no errors were found. The dashed orange line indicates the current best CZ gate fidelity achieved in neutral
atom systems, corresponding to a depolarizing error probability of pd = 0.003. A plot of the slice is shown in Fig 7.

Assuming the ancilla LDU for the standard
LDU protocol and the older data atom for the
teleportation LDU can be reused in subsequent
rounds (provided they are not lost), the atom
consumption of the teleportation LDU exhibits
a slight advantage over the standard LDU. Both
protocols require trapping d2 additional atoms
(one for each data qubit) compared to the stan-
dard surface code (i.e. without LDU). Dur-
ing each error correction cycle, an average of
pl,cycle × natoms atoms are lost, where pl,cycle =
1−(1−pl)nCZ ≃ pl ×nCZ represents the probabil-
ity of losing an atom within a single round. The
number of CZ gates experienced by an atom de-
pends on its position in the surface code. For sim-
plicity and to provide an estimate of atom con-
sumption, we focus on atoms in the bulk, which

are far more numerous, and neglect those located
on the edges.

In both protocols, bulk ancilla atoms used for
stabilizer measurements experience four CZ gates
per cycle, while bulk data atoms experience six
CZ gates per cycle. For the teleportation LDU,
fresh atoms are not replaced in the same round
as the older ones if they are lost. Thus, the atom
loss only accounts for older data atoms, where
we take into accounts the LDU operations acting
on the data qubit during both the previous and
current rounds. Consequently, the average atom
consumption per cycle for the teleportation LDU
scales as:

ntel. LDU ∼ 10 × pl × d2 (2)

Additionally, the standard LDU requires consid-
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ering the replacement of the ancilla LDU. They
experience approximately two CZ gates per round
(neglecting that we reapply a new LDU whenever
the ancilla LDU is lost). As a result, the average
number of atoms that need to be reloaded per
cycle for the standard LDU scales as:

nstand. LDU ∼ 12 × pl × d2. (3)

4 “Loss-aware” decoder
In this section, we present a scheme for a “loss-
aware” decoder which leverages both stabilizer
measurement results and LDU measurement out-
puts to determine the most probable error pat-
terns. A comparison with a naive decoding
scheme that does not incorporate information on
the loss locations is conducted in Sec. 6.
We note that several approximations are intro-
duced during the decoding procedure to reduce
the decoder latency. The latter are used exclu-
sively by the decoder and are never employed in
the simulations when sampling Pauli and loss er-
rors (see Sec. 7 for details).

Our decoder is based on the MWPM algo-
rithm [45–48] to decode errors resulting from de-
polarizing noise and atom loss. Error mechanisms
generate a detector error model (DEM) consist-
ing of a set of lists of flipped stabilizers along with
their probabilities of occurrence. Using Pymatch-
ing [47, 48], a Python library that implements the
MWPM algorithm, a graph is generated where
nodes are the stabilizers and the edges repre-
sent error mechanisms pairing the corresponding
flipped stabilizers. Each edge is weighted by the
log-likelihood ratio ln(1−p

p ) where p is the proba-
bility of the error [43, 47, 48]. This graph is ex-
tended in the time direction to account for mul-
tiple rounds of error correction, enabling us to
decode errors stemming from stabilizer measure-
ments [44]. At each round, stabilizer measure-
ments produce a syndrome, which is a list of
flipped stabilizers. The MWPM decoding pro-
cedure consists in pairing these flipped stabilizers
by finding the set of paths that minimizes the sum
of the edge weights. This corresponds to identi-
fying the most likely error pattern that explains
the observed syndrome assuming uncorrelated X
and Z errors — thus approximating Y errors as
simultaneous, independent X and Z errors.

Stim [57], the Clifford simulator used to eval-
uate the performance of the surface code, auto-

Figure 3: A schematic representation of the "loss-aware"
DEM. Orange (respectively blue) semi-transparent pla-
quettes correspond to Z (resp. X) stabilizers, which
detect X (resp. Z) errors. Black semi-transparent dots
represent data qubits. Overlaid on the surface code is
the DEM, consisting of orange (resp. blue) edges con-
necting neighboring ancilla qubits, representing X (resp.
Z) errors occurring on the intermediate data qubit, typ-
ically due to depolarizing noise. The edge thickness re-
flects their weights. In the case of data qubit loss (de-
noted by a red L) detected by its LDU, the weights of
edges connecting neighboring stabilizers are reduced, as
detailed in the main text. The figure illustrates a single
time slice corresponding to one cycle of quantum mem-
ory operation. To fully capture the error dynamics, the
model must be extended to the time domain to include
errors on ancilla qubits.

matically generates the DEM stemming from the
depolarizing noise channel. We adapt the decoder
to include errors arising from atom loss by updat-
ing the graph’s weights based on the cycles where
losses have been detected. This allows us to take
advantage of the additional information given by
the LDU, making the decoding more precise (for
a sketch, see Fig. 3). The idea is similar to [58]
where an adapted version of MPWM was used to
address erasure errors; however, in that case, the
exact location of the error was known, whereas,
in our scheme, only the cycle is identified.

To achieve this, we augment the DEM gener-
ated by the depolarizing noise channel with new
error mechanisms arising from atom loss. The ab-
sence of an atom at the end of a round r results in
a list of potential loss locations. Each potential
loss location generates its own DEM. The proba-
bilities of these DEMs are then weighted by the
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likelihood that the loss occurred at that specific
location, conditioned that a loss was detected in
the round r. These weighted DEMs are subse-
quently added to the final DEM, allowing the de-
coder to account for both depolarizing noise and
atom loss in the error correction process. Our de-
coder is similar to the one developed in [30] for
the case of a SWAP-based LDU and a different
loss model. Our approach offers the advantage of
being easily automated using the DEM method
implemented in Stim.

We determine the conditional probability for
each loss location by computing the probability
that the loss occurred at that specific location pl,i,
normalized by the total probability of all possible
loss locations ptot.,r

ppot.loss,r,i = pl,i

ptot.,r
(4)

where r is the round where the loss has been
detected and i is the position of the CZ gate
within the round. In Sec. 7.1, loss probabilities
pl,i are explicitly computed. In Appendix A, we
calculate these conditional probabilities for the
different cases (loss of a stabilizer ancilla atom
or of a data atom and type of LDU used).

In this procedure, we make the approximation
that the propagation of depolarizing errors in the
circuit is unaffected by atom loss, except in the
case of stabilizer ancilla loss, as the latter leads
to the absence of a node in the weighted graph.
To handle this, we reconnect all edges that were
linked to the lost node to the node representing
the same stabilizer but at the subsequent cycle of
error correction. If there is no subsequent cycle,
the edges are paired to the vacuum.

Furthermore, when using Stim to construct the
circuit, one must determine whether a stabilizer
has flipped by comparing its measurement out-
come at a given round to the result from the pre-
vious round — this is referred to as a detector. If
a stabilizer ancilla atom is lost, the measurement
result in the next round of error correction cannot
be compared to the previous one. To resolve this,
we instead compare it to the most recent round
prior to that loss.

Finally, the edge weights of the final DEM are
defined as the sum of the independent loss events.
This approach makes our decoder quite efficient,
as we can precompute and store the DEM for each

potential loss location before running the simula-
tion. During the decoding process, we simply re-
trieve these precomputed DEMs whenever a loss
at the corresponding location is detected.

Although the decoding procedure is based on
the MWPM algorithm, it can be readily adapted
for other decoders utilizing the DEM, such as Be-
lief Propagation [59]. This is because the pro-
cedure primarily involves generating a suitable
DEM, with only the final step requiring the con-
version of the DEM into a graph-like structure.

5 Logical error probability

In this section, we analyze the logical error prob-
ability of the rotated surface code in the presence
of depolarizing noise and atom loss for different
code distances d = 3, 5, 7, 9, 11 and d cycles of
error correction. This analysis allows us to de-
termine the threshold for various combinations of
depolarizing error probabilities pd and loss proba-
bility pl. We benchmark the performance of both
LDU protocols (see Fig. 2) discussed in Sec. 3: the
standard LDU and the teleportation-based LDU.

In Fig. 2c,d, we present the logical error prob-
ability of an initial state prepared in |0⟩L for a
code distance of d = 11, normalized by the num-
ber of rounds d as εr: εr = 1− (1−ε)1/d, where ε
is the total logical error probability. This normal-
ization allows for a fair comparison across various
code sizes by computing a quantity independent
of the numbers of rounds [60–62]. The plot shows
the logical error probability at various depolariz-
ing error probabilities pd and loss probabilities
pl. The threshold is indicated by a solid red line.
The red dashed vertical (resp. horizontal) line
represents the threshold at vanishing loss proba-
bility (resp. depolarizing noise). For comparison,
the black dashed vertical line shows the thresh-
old for the standard surface code (i.e. without
LDU and atom loss). The logical error probabil-
ity for an initial state in the |+⟩L is presented in
Appendix B and gives similar behavior.

5.1 Vanishing depolarizing noise

First, we examine the performance of the LDU
protocol in the absence of depolarizing noise. The
LDU heralds the cycle in which the atom is lost,
allowing this error mechanism to behave like an
erasure channel. A key result is the scaling of
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Figure 4: Logical error probability normalized by the
number of rounds at vanishing depolarizing noise as a
function of the loss probability for code distance d =
3, 5, 7, 9, 11 and d cycles of stabilizer measurements for
a) the standard LDU protocol and b) the teleportation
LDU protocol. The dashed red vertical line indicates
the threshold at 2.6% for both protocols. Other colored
dashed lines represent fits of power laws d for each curve
respectively. 105 shots were used to estimate the logical
error probability.

the logical error probability as a power law as a
function of the physical error probability with an
exponent d [63]. This expectation is confirmed
by the data shown in Fig. 4, where we plot the
logical error probability as a function of the loss
probability pl (solid lines). The figure shows a
good fit between numerical data and the power-
law function of exponent d (dashed lines) for all
cases, as expected.

In the absence of depolarizing noise, we ob-
serve that both protocols yield the same logical
error probability (within error bars) as well as
the same threshold approximately at 2.6% (see
Fig. 4). This is due to the fact that, although
the standard LDU has two CZ gates and the

teleportation-based LDU only one, both schemes
exhibit the same number of potential loss loca-
tions (see red circles in Fig. 2a,b): In the stan-
dard LDU, the loss of an ancilla can be detected
from its measurement, allowing for the reappli-
cation of another LDU. Consequently, only the
loss of data qubits matters. On the contrary, in
the teleportation-based LDU, the loss of the fresh
atom cannot be detected within the same cycle
of error correction. Therefore, two loss locations
are possible in both LDUs: the data qubit can
be lost in either of the two CZ gates in the stan-
dard LDU, or one of the two atoms involved in
the teleportation-based LDU can be lost during
the single CZ gate.

5.2 Vanishing atom loss probability

In the limit of a vanishing loss probability (pl =
0) and finite depolarizing noise error probability
pd, instead, one recovers the scaling for the logi-
cal error probability vs pd typical of the standard
surface code without LDU, which is characterized
by a power law with exponent d+1

2 (see Fig. 5).
The logical error probabilities of the LDU proto-
cols are higher and their thresholds are lower than
that of the standard surface code (approximately
1.6%) due to the additional CZ gates used in the
LDU. Under these conditions, the teleportation-
based protocol achieves a lower logical error prob-
ability and a slightly higher threshold, around
1.4%, compared to the standard LDU protocol,
which has a threshold of approximately 1.2%, as
the teleportation protocol uses only one CZ gate
per LDU.

5.3 Finite depolarizing noise errors and atom
loss probabilities

In Fig. 2, we plot the logical error probability
with respect to the loss probability pl and the
depolarizing noise error probability pd. A major
result of this computation is the existence of an
error threshold (see red line) below which scaling
up the system exponentially suppress the logical
errors. The logical error probability is primar-
ily influenced by the scaling of the depolarizing
noise, d+1

2 . By plotting the logical error proba-
bility as a function of both the loss probability
pl and the depolarizing noise error probability pd

with linear scale axes in Fig. 14 in Appendix C),
we find that iso-logical error probability curves
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Figure 5: The logical error probability, normalized by the
number of rounds at vanishing loss probability, is shown
as a function of depolarizing noise error probability pd

for code distances d = 3, 5, 7, 9, 11 and d cycles of stabi-
lizer measurements. The plot includes results for a) the
standard LDU protocol and b) the teleportation LDU
protocol. The red dashed vertical line marks the thresh-
old at 1.2% for the standard LDU protocol and 1.4% for
the teleportation LDU protocol. For comparison, semi-
transparent dashed-dotted lines represent the logical er-
ror probability per round for the standard surface code
(i.e. without LDU), with its threshold indicated by a
black dashed line. The logical error probability is esti-
mated using 105 shots.

i.e. curves with constant logical error probabil-
ity are approximately straight lines. Motivated
by this observation, we conjecture that the log-
ical error probability can be generally described
in the asymptotic low-error regime by a function
of the form

f(pl, pd) = (αdpd + βdpl)
d+1

2 (5)

where αd, βd are two fitting parameters, which
depend on the distance code d. To ensure consis-
tency with the power law scaling of d at vanishing
depolarizing noise, we introduce counterterms to

Figure 6: Logical error probability normalized by the
number of rounds for various loss probabilities pl as a
function of the depolarizing error probability pd for a
code distance d = 11 and d cycles of stabilizer measure-
ments. a) represents the standard LDU protocol, and
b) the teleportation LDU protocol. The colored dashed
lines correspond to the same fit for the various curves
using Eq. (6).

Eq. (5), resulting in the following proposed ansatz
function for the dependence of the logical error
probability on pl and pd

f(pl, pd) = (αdpd + βdpl)
d+1

2 − (βdpl)
d+1

2 + (γdpl)d

(6)

with γd a third fitting parameter.

In Fig. 6, we plot example results for the log-
ical error probability normalized by the num-
ber of rounds for a distance code d = 11 as
a function of the depolarizing error probabil-
ity pd and for several different loss probabili-
ties pl (solid lines). We fit the latter quantity
using the ansatz function from Eq. (6) (dashed
lines). The fitting was performed in the low-
error regime, specifically for logical error prob-
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abilities per round below 3 × 10−4. Using three
fitting parameters, we successfully reproduce the
logical error probability (within error bars) for
sufficiently low depolarizing noise and loss prob-
abilities. Discrepancies observed at pd = 10−3

are likely due to shot noise simulation. The fit-
ting parameters were found to be approximately
(αstand.

d , βstand.
d , γstand.

d ) ≃ (35, 14, 24) for the
standard LDU and (αtel.

d , βtel.
d , γtel.

d ) ≃ (30, 14, 26)
for the teleportation LDU.

Despite the counterterms added, we note
that Eq. (6) still describes approximate straight
iso-logical error probability lines as (αdpd +
βdpl)

d+1
2 ≫ (βpl)

d+1
2 , (γpl)d for d = 11 and

0.001 ≤ pl, pd ≲ 0.02.
The first term on the right-hand side of Eq. (6)

indicates that logical errors arise when the to-
tal number of errors is at least d+1

2 . Hence, a
logical error can occur even if each error source,
when considered independently, produces fewer
than d+1

2 physical errors. An example of such a
mechanism with d−1

2 depolarizing errors and one
atom loss is shown in Appendix D.

Notably, we observe that the threshold lies in
the iso-logical error probability curve around 2%,
therefore, it depends linearly on the depolarizing
noise error probability pd and atom loss pl.

Recently, state-of-the-art experiments have
achieved a Pauli noise error around 0.3% for CZ
gates [24, 64, 65]. In this context, we plot in
Fig. 7 the logical error probability as a function
of the loss probability, with the depolarizing noise
error probability fixed at pd = 0.003. In this
regime of parameters, our results indicate that
the teleportation LDU protocol performs slightly
better than the standard LDU protocol: The
atom loss threshold occurs at 1.8% for the stan-
dard LDU and at a comparable 1.9% for the tele-
portation LDU, which however also achieves a
lower logical error probability.

We note that atom losses and leakages may
vary depending on the atomic platform and
has been estimated from 0.02% in [64] up to
1% in [36]. While here we consider only the
effects of depolarizing noise and atom loss, our
numerical simulations in Fig. 7 suggest that
current experiments may already be exploring
the regime of parameters below threshold,
where quantum error correction is possible, in
qualitative agreement with recent experimental

results [12].

Figure 7: Logical error probability normalized by the
number of rounds at fixed depolarizing noise error prob-
ability pd = 0.003 as a function of the loss probability for
code distances d = 3, 5, 7, 9, 11 and d cycles of stabilizer
measurements for a) the standard LDU protocol and b)
the teleportation LDU protocol. The dashed red vertical
line indicates the threshold at 1.8% (resp. 1.9%) for the
standard (resp. teleportation) LDU protocol. Horizontal
colored dashed lines indicate the value at vanishing loss
probability for each curve, respectively. 105 shots were
used to estimate the logical error probability.

5.4 Comparison of both LDU protocols

To further quantify the relative performance of
the teleportation-based LDU protocol vs the
standard LDU, in Fig. 8 we plot the gain G as
a function of the depolarizing noise error proba-
bility pd and the loss probability pl, where G is
defined as

G = log10

(
εr,stand. LDU

εr,tel. LDU

)
. (7)
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Figure 8: Plot showing the gain G of the teleportation-
based LDU protocol compared to the standard LDU pro-
tocol as a function of the loss probability pl and the de-
polarizing noise error probability pd for a surface code of
distance d = 11.

Here, εr,stand. LDU, εr,tel. LDU stand for the logi-
cal error probability normalized by the number
of rounds of the standard LDU protocol and the
teleportation LDU protocol, respectively. The
plot clearly shows that, below the error thresh-
old, the teleportation protocol should be favored
if atom resources are not a constraint. In fact, for
a code of distance d = 11, switching to the tele-
portation LDU protocol can already reduce the
logical error probability by up to an order of mag-
nitude. Using Eq. (6) along with the fitting pa-
rameters determined in the previous section, we
expect the advantage of the teleportation LDU
to be even more pronounced for larger distance
code d as αstand.

d > αtel.
d and βstand.

d = βtel.
d . This

represents a key result of our study.

We note that the value of G presented in
Fig. 8 for the smallest physical error probabil-
ities (pd, pl) ≃ (10−3, 10−3) is affected by poor
statistics: In fact, in this regime εr,tel. LDU = 0
due to the limited number of shots performed in
the numerics, which would result in an infinite
gain. To avoid this, we substitute the measured
G for (pd, pl) ≃ (10−3, 10−3) with a lower bound
G ≃ 1, corresponding to the maximum G mea-
sured across the entire plot.

6 “Loss-aware” vs. naive decoding
performance
To quantify the effectiveness of the “loss-aware”
decoder introduced in this work, we compare
its performance with that of a naive decoding
scheme. In the naive approach, decoding is also
based on the generation of a graph on which
the MWPM algorithm is applied; however, its
weights depend solely on the depolarizing noise
channel error probability and the prior knowledge
of the loss probability, without incorporating in-
formation on the loss locations. This approach
does not update weights in response to detected
losses.

Similarly to Eq. (7), we define the gain of the
“loss-aware” decoder over the naive one for a given
LDU protocol as

Gdecoder
LDU = log10

(
εnaive

r,LDU

εloss-aware
r,LDU

)
, (8)

where εnaive
r,LDU (resp. εloss-aware

r,LDU ) is the logical error
probability normalized by the number of rounds
for a given LDU protocol obtained using the naive
(resp. “loss-aware”) decoder.

We plot the gain Gdecoder
LDU for both LDU pro-

tocols in Fig. 9 in the case of a surface code
of distance d = 11. One important outcome of
this study is that the “loss-aware” decoder signif-
icantly outperforms the naive decoder for both
LDU protocols, particularly below the threshold
and when pd ≲ pl. The maximum gain reaches
comparable values of up to 2.8 for the teleporta-
tion LDU protocol and 2.7 for the standard LDU
protocol, for sufficiently small pd.

In the figure, we further draw the computed
threshold lines for both decoders: The data con-
firm that the “loss-aware” decoder has a higher
threshold for all values of pl and pd for both
LDUs. We note that the behavior of the de-
coders differs slightly for a vanishing loss prob-
ability pl = 0. In fact, the noise threshold is
identical for both decoders in the teleportation
LDU protocol (see overlapping dashed vertical
green and blue lines in Fig. 9b), as loss events no
longer occur in the simulations. For the standard
LDU (Fig. 9a), however, the noise thresholds dif-
fer slightly since depolarizing noise can flip mea-
surement outcomes, causing the LDU to incor-
rectly signal a loss. In that case, the “loss-aware”
decoder has a slightly higher noise threshold.
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Figure 9: Plot showing the gain of the “loss-aware” over
the naive decoder as a function of the loss probability
pl and the depolarizing noise error probability pd for a
surface code of distance d = 11 for a) the standard LDU
protocol and b) the teleportation LDU protocol.

In the opposite regime where the loss probabil-
ity is stronger than the depolarizing noise error
probability (pl ≫ pd), the thresholds of the two
decoders differ notably: For vanishing depolariz-
ing noise and finite loss probability, the thresh-
old for the naive decoder is found to be approxi-
mately 1% (see Fig. 16 in Appendix E) compared
to 2.6% for the “loss-aware” decoder .

7 Simulation
The simulation of the surface code with LDUs is
conducted using Stim [57]. First, for each shot
of the simulation, a sample of lost atoms is ran-
domly drawn from a probability distribution de-

scribed in this section. Based on this sample, a
new circuit is recompiled by removing the appro-
priate gates. Finally, the modified circuit is sim-
ulated for one run using Stim’s simulator. For
each pair (pl, pd) and for various code sizes from
d = 3 to d = 11, 105 shots are performed to de-
termine the logical error probability (106 shots if
the logical error probability is ≲ 10−5).

7.1 Loss probabilities
We generate the sample of lost atoms by ran-
domly determining, for each atom in each cycle,
whether the atom is present or, if absent, the po-
sition at which it was lost, drawn from a suitable
distribution {pl,i}

ntot.
CZ

i=0 . Here, pl,i is the probabil-
ity to lose the atom at the i-th CZ gate within a
round for i > 0. pl,0 = 1 −

∑ntot.
CZ

i=1 pl,i depicts the
probability that the atom is not lost. ntot.

CZ rep-
resents the total number of CZ gates experienced
by the atom in a round.

The probability of an atom being lost in a cy-
cle depends on the number of CZ gates applied
to it. Data atoms in the bulk (resp. on the
edges, in the corners) are coupled through CZ
gates to four (resp. three, two) ancilla qubits.
Additionally, each of these data atoms is coupled
to the LDU’s ancilla, with two CZ gates in the
case of the standard LDU, or one CZ gate in the
teleportation-based LDU. In the final round, all
qubits are measured, and no LDU is required to
infer the presence of atoms. Ancilla atoms used
for stabilizer measurements are either located in
the bulk, coupled to four data qubits, or on the
edges, coupled to two data atoms. They do not
employ any LDU.

7.1.1 Loss probabilities for stabilizer operations

First, we compute the probability to lose an atom
during the stabilizer operations. In our simula-
tion, we first apply the Z stabilizers in parallel
followed by the X stabilizers. The loss probabil-
ity of each individual CZ gate is denoted as pl.
For each atom, the probability to be lost at the
i-th CZ gate in a round is given by Eq. (1).

As the operations seen by the stabilizer an-
cilla atoms only involve stabilizer operations, the
loss distribution {pl,i}

ntot.
CZ

i=0 follows Eq. (1). Here
ntot.

CZ = 3 or 4 depending on whether the ancilla
atom is located on the edge or in the bulk, re-
spectively.
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7.1.2 Simulation of the teleportation-based LDU

For the sake of efficiency, LDUs are never directly
simulated in Stim as their effect is trivial in the
absence of errors. However, their impact can be
emulated in the presence of loss or Pauli noise.
For example, if a data atom is lost, it is reset to |0⟩
at the end of the cycle to mimic the reloading of
a new atom. We also account for losses and noise
on the CZ gates during the LDU (see Sec. 7.2).

Consequently, in the quantum circuit repre-
sentation of the teleportation LDU protocol, the
wire of the data atom represents the "old" data
atom before the teleportation protocol and the
"fresh" atom after the teleportation protocol (see
red wire of the upper circuit in Fig. 10).

When supplementing the surface code with the
teleportation LDU protocol, each data atom un-
dergoes an additional CZ gate due to the tele-
portation LDU, on top of the usual stabilizer op-
erations. The distribution {pl,i}

ntot.
CZ

i=0 remains as
defined by Eq. (1), with ntot.

CZ = 3 or 4 or 5 de-
pending on whether the atom is located in the
corner, on the edge or in the bulk, respectively.

Additionally, the freshly loaded atom can be
lost during the LDU with a probability pl, causing
it to remain absent in the subsequent cycle. This
is accounted for in our simulation by erasing the
gates involving that atom in the following round,
regardless of the result of the random draw for
that atom in the cycle.

Fig. 10 illustrates the different effective circuits
simulated along with their probabilities.

7.1.3 Simulation of the standard LDU

For the CZ gates involved in the standard LDU,
the probability of loss is slightly higher because
the LDU can be reapplied if the ancilla is lost,
leading the data qubit to experience, on average,
more CZ gates. Instead of directly simulating
this conditional reapplication, we mimic this pro-
cedure by increasing the loss probability of the as-
sociated CZ gates. The probability of losing both
the data qubit and the LDU’s ancilla is given by:

pl,LDU0 = (1 − pl)nstab.
CZ +2

∞∑
r=0

(1 − (1 − pl)2)rpl

× (2 − pl)
r−1∑
i=0

(1 − pl)2i (9)

where nstab.
CZ is the number of CZ gates used in

the standard stabilizer measurements, the index
r indicates the number of LDUs applied due to
the loss of the ancilla along with its probability
(1−(1−p)2)r. The factor (1−pl)nstab.

CZ +2 accounts
for the probability that the data atom is not lost
during the previous nstab.

CZ CZ gates used for sta-
bilizer measurements, and that the LDU’s ancilla
is not lost during the final LDU. The last term
p(2 − p)

∑r−1
i=0 (1 − p)2i expresses the probability

to lose the data qubit during the application of
the various LDUs.

The probability to lose the data atom on the
first CZ gate of the last LDU is given by

pl,LDU1 = (1 − pl)nstab.
CZ +2

∞∑
r=0

(1 − (1 − pl)2)r

× pl(1 − pl)2r.
(10)

Together, pl,LDU0 and pl,LDU1 lead to the same
effective circuit where the two CZ gates of the
standard LDU are suppressed because of the de-
pletion of the data atom. In any case, this loss
will be detected by the final LDU (assuming no
depolarizing errors) and will trigger the reload-
ing of a new atom in the subsequent cycle. The
combined probabilities can be summed, yielding

pl,nstab.
CZ +1 = pl,LDU0 + pl,LDU,1 (11)

= pl(1 − pl)nstab.
CZ (2 − pl − (1 − pl)3)

1 − (1 − pl)2 + (1 − pl)4 .

(12)

Similarly, the probability of losing the data qubit
during the second CZ gate of the final standard
LDU is given by

pl,nstab.
CZ +2 =(1 − pl)nstab.

CZ +2
∞∑

r=0
(1 − (1 − pl)2)r

× pl(1 − pl)2r+1 (13)

= pl(1 − pl)nstab.
CZ +3

1 − (1 − pl)2 + (1 − pl)4 . (14)

The probability that the standard LDU
detects the loss on the last CZ gate is 50%.
Consequently, with probability pl,nstab.

CZ +2/2, the
data qubit may remain lost in the subsequent
cycle (see middle right circuit in Fig. 11).

In the standard LDU protocol, the loss prob-
ability distribution {pl,i}

ntot.
CZ

i=0 is therefore given
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Figure 10: Operations seen by a bulk data atom at each cycle when the surface code is equipped with the teleportation
LDU. The original circuit with the teleportation LDU (top circuit) is never simulated. In the absence of atom loss
(bottom right circuit), the teleported state exhibit a Z error 50% of the time. The data atom being simulated
throughout the round is represented by the red wire, which transitions from the older data atom to the newly loaded
one during the teleportation protocol. To simulate atom loss, gates are erased in the circuit. Crosses indicate the
potential loss locations in the original circuit. The arrows show the effective circuits being simulated on Stim along
with their probabilities pl,i = pl(1−pl)i−1 (see Eq. (1)). The fresh atom can be lost during the LDU with probability
pl (pink crosses), resulting the data atom to not be reloaded in the following cycle (i.e. the next round will be similar
to the middle left effective circuit). Red boxes represent the depolarizing noise channel associated with CZ gates.
The resulting 1-qubit effective noise channel stemming from the noisy teleportation LDU has an error probability
ptel. LDU

d1
(see Eq. (19)), which we denote simply as pd1 in the figure to avoid visual clutter.

by Eq. (1) for 0 < i ≤ nstab.
CZ , by Eq. (12) for

i = nstab.
CZ +1 and Eq. (14) for i = nstab.

CZ +2 = ntot.
CZ .

Fig. 11 illustrates the different effective circuits
simulated on Stim along with their probability
when the surface code is supplemented with the
standard LDU.

7.2 Depolarizing noise

In this section, we address the simulation of the
depolarizing noise channel. Each CZ gate em-
ployed in the stabilizer measurements is dressed
with a two-qubit depolarizing noise channel with
error probability pd implemented using the stan-
dard method available in Stim.

When CZ gates are removed due to atom loss,
we retain their associated noise channel since
pulses are always applied, even in the absence of
atoms. The effect of the noise channel on the
lost atom is trivial because it does not entan-
gle with other qubits until a new atom (modelled
by a reset operation in the effective circuits, see

Fig. 10, 11) is reloaded.
For CZ gates in LDUs, a careful analysis of the

impact of their noise is required, as LDUs are
not directly simulated using Stim. Their effect
is twofold: First, they induce an effective 1-qubit
depolarizing channel on the data atom they are
coupled to; Second, the presence of depolarizing
noise may flip the measurement outcome of the
LDU.

7.2.1 Effective 1-qubit depolarizing channel

A 2-qubit depolarizing noise channel can be writ-
ten as

E(ρ) = (1 − pd)ρ + pd

15

3∑
i,j=0

(i,j)̸=(0,0)

σi ⊗ σj .ρ.σi ⊗ σj

(15)

= (1 − 16pd

15 )ρ + 16pd

15
I4
4 , (16)

where σk with k = 1, 2, 3 denote the X, Y, Z Pauli
matrices, respectively, and σ0 = I2 is the 2 × 2
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Figure 11: Operations seen by a bulk data atom at each cycle when the surface code is equipped with the standard
LDU. The original circuit with the standard LDU (top left circuit) is never simulated. In the absence of atom loss
(top right circuit), the action of the standard LDU is trivial. To simulate atom loss, gates are erased in the circuit.
Crosses indicate the potential loss locations in the original circuit. The arrows show the effective circuits being
simulated on Stim along with their probabilities pl,i (see Eq. (1) for 0 < i ≤ 4 and Eq. (12) and Eq. (14) for
i = nstab.

CZ + 1, nstab.
CZ + 2). nancilla lost is the number of time the LDU’s ancilla is lost (its potential loss locations are

indicated by green crosses) during the standard LDU. This loss can be detected and another LDU is reapplied in that
case. Red boxes represents the depolarizing noise channel associated with CZ gates. The resulting 1-qubit effective
noise channel stemming from the noisy standard LDU has an error probability pstand. LDU

d1
(see Eqs. (21), (22)) ,

which we denote simply as pd1 in the figure to avoid visual clutter. Noise in the standard LDU also induces a flip
with probability pflip (see Eq. (24)) in the measurement outcome causing the loss data atom not being reloaded (red
crosses) or reloading an new atom while still being present (red |0⟩ on the top right circuit).

identity matrix. To calculate the resulting er-
ror probability pLDU

d1
for the effective 1-qubit de-

polarizing channel, a convenient approach is to
change the representation of the error channel.
By using the Pauli transfer matrices (PTM) for-
malism [66], the density matrix is promoted as a
vector in a new Hilbert space and noise channels
become matrices. The impact of the noise chan-
nel at the end of the LDU circuit can be evalu-
ated by computing the matrix product N(C).C−1

where C (resp.N(C)) is the PTM representation
of the noiseless (resp. noisy) LDU circuit. To ob-
tain the final noise channel, we switch back to the
standard representation of the error channel (e.g.
as in Eq. (15), or Kraus representation) and trace
over the ancilla or older data atom degrees of free-
dom yielding the effective 1-qubit noise channel.

In the particular case of a depolarizing noise
channel, the PTM representation is proportional
to the identity matrix, scaled by its fidelity. The
term N(C).C−1 becomes equivalent to the com-

putation of the total fidelity of the LDU circuit,
denoted as fLDU

d . If all depolarizing noise chan-
nels have similar error probabilities, the latter is
expressed as fLDU

d = fnnoise , where f is the fi-
delity of a single noise channel and nnoise is the
number of depolarizing noise channels in the LDU
circuit. Finally, by tracing over the ancilla de-
grees of freedom in the standard LDU, or over the
older data atom degrees of freedom in the telepor-
tation LDU, we derive the following formula for
the error probability of the effective 1-qubit noise
channel

pLDU
d1 = 3

4(1 − fLDU
d ) . (17)

For the teleportation-based LDU protocol, as
there is only one CZ gate, the fidelity is directly
the fidelity of the 2-qubit noise channel

f tel. LDU
d = 1 − 16pd

15 . (18)

Using Eq. (17), the resulting error probability of
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the effective 1-qubit depolarizing channel is

ptel. LDU
d1 = 4pd

5 . (19)

For the standard LDU protocol, since we can
reapply the LDU if the ancilla has been lost, com-
puting the fidelity requires summing over the dif-
ferent number of LDUs applied due to these losses
along with their probability. The total circuit fi-
delity reads

f stand. LDU
d =

∞∑
r=0

(1 − (1 − pl)2)r
(

1 − 16pd

15

)2r+2

× (1 − pl)2 (20)

=

(
1 − 16pd

15

)2
(1 − pl)2

1 − (1 − (1 − pl)2)(1 − 16pd
15 )2

.

(21)

As above, using Eq. (17), we implement on Stim a
1-qubit depolarizing channel of error probability

pstand. LDU
d1 = 3

4
1 − (1 − 16pd

15 )2

1 − (1 − (1 − pl)2)(1 − 16pd
15 )2

.

(22)

7.2.2 Measurement flips

Depolarizing noise can also cause measurement
errors through its Pauli error terms, which an-
ticommute with the measurement basis. In the
teleportation-based LDU protocol, the older data
atom is measured in the X-basis (achieved by em-
ploying an Hadamard gate followed by a Z-basis
measurement). As a result, Y and Z errors from
the depolarizing noise channel on the older atom
will lead to incorrect measurement outcomes, re-
sulting in a Z error on the new atom during the
decoding process. Equation (15) then becomes

E(ρ) = (1 − pd)ρ

+ pd

15

3∑
i=0

(i,j)̸=(0,0)

1∑
j=0

σi ⊗ σj .ρ.σi ⊗ σj

+ pd

15

3∑
i=0

3∑
j=2

(Z.σi) ⊗ σj .ρ.(σi.Z) ⊗ σj (23)

where the first index i represents the fresh atom
and the second index j refers to the older atom.
The resulting noise channel remains depolariz-
ing with the same error probability due to the

isotropy of the noise, making the impact of this
incorrect Z error trivial in that case.

In the case of the standard LDU, two effects
are expected. The LDU may indicate the loss of
an atom while still being present. This leads to
the reloading of a new atom initialized in state
|0⟩. We assume that before reloading, we allow
any remaining atom to leave, preventing collisions
with the newly loaded atom. On the other hand,
there is a possibility that the LDU fails to detect
the actual loss of an atom, resulting on its absence
potentially over many rounds. For a depolarizing
noise channel, this non detection occurs with the
same probability as the false loss detection. The
probability that the measurement result will be
flipped due to the depolarizing noise is given by

pflip =
1 − (1 − 16pd

15 )2

2 . (24)

8 Loss with maximally biased Z error
In this final section, we modify the loss model
and evaluate the resulting performance of the sur-
face code. Experimentally, atomic loss caused
by the Rydberg anti-trapping effect (or leakage
outside the computational state) can occur at
any time during the pulse application of the CZ
gate. When this happens, the remaining atom
is projected into the |1⟩ state (due to the Ry-
dberg blockade). The remainder of the pulse
subsequently re-excites the remaining atom, leav-
ing it in the Rydberg state, which then decays
into a state outside the computational subspace
with high probability [27]. In practice, the atom
may decay outside the computational subspace
with high probability. As already mentioned in
Sec. 2.1, we leave this correlated loss mechanism
as a future direction for work and focus here only
on independent loss. Another possibility is to de-
cay back to the qubit subspace. Here, addition-
ally, we assume that the decay to the |0⟩ state
is forbidden and the atom can only decay back
to the |1⟩ state. This can be realized in experi-
ments by carefully encoding the qubit states into
well-chosen atomic levels [26]. Using RC, this
noise channel can be effectively transformed into
a maximally (i.e. error probability of 0.5) biased
Z-error channel [58] . Therefore, our revised loss
model is the following: whenever an atom is lost
during a given CZ gate, the neighboring remain-
ing atom will experience a Z error of probability
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0.5.

In this section, we focus on the teleportation
LDU as it shows the best performance for the
simple loss model. Moreover, we anticipate the
standard LDU to perform even worse than before
compared to the teleportation LDU under this
new loss model. This is because the conditional
reapplication of the standard LDU, based on the
loss detection of its ancilla increases the proba-
bility of making a Z error on the adjacent data
qubit.

Fig. 12 presents the results obtained using the
revised loss model. At vanishing depolarizing
noise pd = 0 (see Fig. 12a), we observe a loss
threshold of 2.1%, which is lower than the 2.6%
threshold found with the simpler loss model. For
loss rates below 1%, the logical error probabil-
ity per round is approximately one order of mag-
nitude higher than in the simplified loss model
(shown by dotted lines in Fig. 12a). Since qubit
loss affects neighboring qubits in this model, we
expect the power law scaling exponent to be
(d + 1)/2, compared to an exponent of d in the
simpler loss model. We fit our numerical results
using the following function:

d∑
k= d+1

2

ak(d)pk
l (25)

where ak(d) are fitting parameters that repre-
sents the number of weight-k physical errors that
lead to a logical error for a code distance d.
For the experimentally relevant parameter range
(0.001 ≤ pl ≤ 0.01), our fitting analysis reveals
an unexpected result: the dominant terms in
Eq. (25) correspond to exponent close to d (e.g.
k = d − 2, d − 1 for d = 5, 7, 9, 11). The list of
values for the coefficients ak(d) are summarized
in Table 1. Values below 1 have been rounded to
0. While these values are not strictly zero, the
number of shots is too small to accurately assess
them.

When both atom loss and depolarizing noise
are present (see Fig. 12b), the logical error prob-
ability is higher and the error threshold is lower
than in the simplified loss model. Nevertheless,
both models exhibit qualitatively similar behav-
ior.

Figure 12: Performance analysis of the teleportation
LDU scheme under the revised loss model. a) The logi-
cal error probability, normalized by the number of rounds
for code distances d = 3, 5, 7, 9, 11 as a function of the
atom loss probability pl and at vanishing depolarizing
noise pd = 0 (solid lines). The red vertical dashed line
indicates the error threshold at 2.1%. Other color dashed
lines show fitted curves using Eq. (25). For comparison,
dotted lines represent results from for the simpler loss
model studied in the rest of the article (see Fig. 4b). b)
Two dimensional color map of the logical error proba-
bility, normalized by the number of rounds for distance
d = 11 as a function of the loss probability pl and the de-
polarizing error probability pd. The red solid line marks
the error threshold while black solid lines show curves
of constant logical error probability. The horizontal and
vertical red dashed lines indicate the threshold at vanish-
ing depolarizing noise and loss probability, respectively.
Statistics were gathered using 105 shots, except for the
region below the 10−5 logical error probability contour
in b) where 106 shots were employed.
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d Coefficients ak(d)

3 k=2
30

k=3
935

5 k=3
231

k=4
105

k=5
0

7 k=4
0

k=5
2.3 × 106

k=6
1.9 × 108

k=7
0

9 k=5
0

k=6
5

k=7
1.1 × 1010

k=8
3.5 × 1011

k=9
3.7 × 108

11 k=6
140

k=7
2.2 × 104

k=8
2.6 × 104

k=9
3.6 × 1013

k=10
2.1 × 106

k=11
5.7 × 1016

Table 1: Coefficients ak(d) obtained by fitting the simulation results from the realistic loss model at vanishing
depolarizing noise pd = 0 (see Fig. 12a) using Eq. (25).

9 Conclusion

In conclusion, this study demonstrates that the
integration of LDUs with the surface code en-
ables efficient QEC in the presence of both atom
loss and depolarizing noise, provided losses and
depolarizing errors remain below the threshold.
Specifically, for a surface code with distance d and
no depolarizing noise, it is possible to correct up
to d − 1 errors under the first loss model, where
the loss of an atom does not affect the neighboring
qubit. This behavior is similar to an erasure chan-
nel, although only partial knowledge of the loss
location is available through the LDUs. When the
loss impacts neighboring atoms, the scaling law is
slightly affected, with the logical error probability
scaling approximately with a power law of expo-
nent ∼ d − 2. For both loss models, the system is
highly resilient to atom loss.

When both noise sources—atom loss and de-
polarizing noise—are present, the scaling of the
logical error probability is primarily driven by
depolarizing errors. In such cases, the system
can correct up to d−1

2 errors, but both types
of errors contribute to the overall logical fail-
ure. By designing a decoder able to leverage loss
locations, we significantly enhance the system’s
performance compared to a naive decoding ap-
proach. This improvement allows for a reduction
in the logical error probability by nearly three or-
ders of magnitude for a code distance of d = 11,
particularly when the loss probability exceeds the
depolarizing noise error probability.

Furthermore, our results show that the
teleportation-based LDU protocol exhibits a
smaller logical error probability compared to

the standard LDU. This improvement is due to
the fact that the teleportation-based protocol
requires fewer controlled-Z (CZ) gates, reducing
the overall probability of errors arising during
gate operations. Eventually, the combination
of LDUs and surface code provides a promising
pathway to achieving robust, fault-tolerant
quantum computation in neutral atom systems.

Several research directions could be explored
to further refine and improve the error models
and the error correction protocol for neutral atom
quantum processors. One direction is to inves-
tigate more realistic noise models by including
imperfect measurements, noisy single-qubit gates
or customized CZ gate Pauli noise channels tai-
lored specifically for neutral atoms, providing a
more accurate representation of the noise envi-
ronment in these systems [67]. Additionally, re-
cent studies have shown that leakage out of the
computational subspace can be converted to era-
sure channel [21, 22, 27, 29], which enhance the
overall error correction capability of the system.

Another direction is to complexify the loss
model by distinguishing losses due to heating and
collisions, typically occurring between gate appli-
cations, from those during CZ gates caused by
anti-trapping effects. The former type of loss
should be proportional to the time spent between
two consecutive CZ gates while the latter may
impact the remaining atom involved in the CZ
gate by enhancing leakage mechanism. Two di-
rections can be explored: (i) assume the ability
to repump the leaked atom back into the compu-
tational state, such as considered in Sec. 8 where
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the remaining atom experienced a maximally bi-
ased Z error after RC or (ii) consider leakage-to-
loss conversion schemes which may introduce cor-
related losses between atoms involved in the same
CZ gate (see Supplementary Information of [27]).
Moreover, an imperfect reloading scheme could
be considered, where atom loss might occur dur-
ing shuttling.

Experimentally, the time required to perform
LDUs could limit the QEC protocol’s perfor-
mance. It would be interesting to explore the re-
silience of the surface code augmented by LDUs
when the frequency of LDU applications is di-
luted (e.g., by performing one LDU every two or
more rounds of quantum error correction).

The present analysis can be readily extended
to investigate different QEC protocols for neutral
atom quantum computing such as the recently
introduced high-rate quantum LDPC codes [61,
62, 68–71]

Note - Several recent studies have also inves-
tigated atom loss across different QEC proto-
cols [29, 72–74].
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A Conditional probabilities used in the
“loss-aware” decoder

In this Appendix, we explicitly compute the con-
ditional probabilities of the “loss-aware” decoder
presented in Sec. 4 based on Eq. (4).

Conditioned on the detection of a loss in
a given cycle, it exists multiple potential loss
locations. The number of potential loss locations
differs depending on the type of atom (data or
ancilla qubits).

For ancilla qubits, no LDU is required as the
measurement outcome gives the information on
the presence of the atom. We also assume the
measurement to be perfect. If an ancilla qubit
is lost during the round r, the potential loss
locations correspond to the different CZ gates
involved in the stabilizer measurement for that
round. Each probability is given by:

ppot. loss,i = pl,i∑nstab.
CZ

k=1 pl,k

. (26)

For the ancilla, pl,i = pl(1−pl)i−1 corresponds to
the probability described by Eq. (1).

For data qubits, LDUs are used to identify cy-
cles of loss. When employing the teleportation-
based LDU protocol, the data qubit can be lost
either during the usual CZ gates involved in the
stabilizer measurements or the CZ gate of the
teleportation-based protocol of either the previ-
ous round or the current round:

ppot. loss,i = pl,i∑nstab.
CZ +2

k=1 pl,k

(27)

where pl,i is the same as for ancilla qubits.

When using the standard LDU, the decoding
process becomes more complex. In the absence
of depolarizing noise in the LDU, if a loss is de-
tected at round r and the same LDU has already
detected a loss at round r − 1, the potential loss
locations for the loss at round r are restricted to
the CZ gates of the current round. Moreover, the
loss on the last CZ gate has also 50% to not be
detected:
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∀1 ≤ i ≤ nstab.
CZ + 1,

pno depo.
pot. loss,r,i = pl,i∑nstab.

CZ +1
k=1 pl,k +

p
l,nstab.

CZ +2

2
(28)

pno depo.
pot. loss,r,nstab.

CZ +2 =
pl,nstab.

CZ +2/2∑nstab.
CZ +1

k=1 pl,k +
p

l,nstab.
CZ +2

2
(29)

where pl,nstab.
CZ +1 and pl,nstab.

CZ +2 are given by
Eqs. (12), (14) respectively.

In the case where the LDU of the same atom
has not detected any loss at the previous cycle,
another potential loss location is the last CZ gate
of the LDU from the previous cycle, which has a
50% chance of going undetected:

p′ no depo.
pot. loss,r,i = pl,i∑nstab.

CZ +2
k=1 pl,k

, ∀1 ≤ i ≤ nstab.
CZ + 1

(30)

p′ no depo.
pot. loss,r,nstab.

CZ +2 = p′no depo.
pot. loss,r−1,nstab.

CZ +2 (31)

=
pl,nstab.

CZ +2/2∑nstab.
CZ +2

k=1 pl,k

(32)

When turning on depolarizing noise, LDU may
wrongly indicate a loss or on the contrary not de-
tect a lost qubit over multiple cycles. To compute
the corresponding probabilities, we denote by rl

the last round where the LDU of the same qubit
indicated a loss. The probability that the LDU
falsely indicates a loss at round r is:

pno loss,r,rl
=

pflippr−rl
l,0

ptot.,r,rl

(33)

where pflip is defined in Eq. (24), ptot.,r,rl
is the

sum of all the probabilities for the potential loss
locations we are currently defining in the case of
data atoms employing the standard LDU protocol
and in the presence of depolarizing noise.

The probability that the loss occurred at the
i-th CZ gate of the round rt given the LDU indi-

cates a loss at round r is:

∀rl < rt ≤ r, ∀1 ≤ i ≤ nstab.
CZ + 1,

ppot. loss,rl,rt,r,i =
pl,ip

r−rt
flip (1 − pflip)prt−rl−1

l,0
ptot.,r,rl

(34)
∀rl < rt < r,

ppot. loss,rl,rt,r,nstab.
CZ +2 =

pl,nstab.
CZ +2pr−rt−1

flip (1 − pflip)prt−rl−1
l,0

2ptot.,r,rl

(35)

ppot. loss,rl,r,r,nstab.
CZ +2 =

pl,nstab.
CZ +2pr−rl−1

l,0

2ptot.,r,rl

(36)

where the term pr−rt
flip (resp. pr−rt−1

flip ) represents
the probability to not be detected over r − rt

rounds if the loss occurred between the first and
the nstab.

CZ +1-th CZ gate (resp. at the nstab.
CZ +2-th

CZ gate) within a cycle. pr−rl−1
l,0 is the probabil-

ity that the atom is not lost over rt −rl −1 rounds
and the term 1 − pflip gives the probability that
the LDU of the round r detects the loss. If the
round r coincides with the last round of the entire
correction protocol, this term should be removed
because all the qubit are measured in the last cy-
cle, hence no LDU is applied.

B Logical error probability in the X-
basis
For the sake of completeness, we present the logi-
cal error probability of both LDU protocols when
the initial state is prepared in the |+⟩L and the
final state measured in the X direction.

Qualitatively bottom panels of Fig. 2 and
Fig. 13 show similar trends. The scaling de-
rived for the initial state |0⟩L also applies to |+⟩L,
though there is a slight difference in the thresh-
old. At vanishing depolarizing noise, the thresh-
old for both protocols is around 2.4%, which is
slightly lower than for the |0⟩L state. This asym-
metry between the Z-basis and X-basis may be
attributed to the fact that the fresh atoms were
initialized in the |0⟩ state.

C Logical error probability in the Z-
basis with linear scale axes
In this Appendix, we motivate the derived ansatz
function of Eq. (6), by plotting the logical error
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Figure 13: The logical error probability normalized by
the number of rounds for a surface code of distance
d = 11 and d cycles of stabilizer measurements as a
function of the loss probability pl and the depolarizing
noise error probability pd. The initial state is prepared
in |+⟩L. a) corresponds to the standard LDU protocol,
and b) represents the teleportation-based LDU proto-
col. Each logical error probability was evaluated with
105 shots, except for regions with pl < 3.10−3 and
pd < 2.10−3, where 106 shots were employed. The solid
red line marks the error threshold while the solid black
lines show curves of constant logical error probability
at 10−2, 10−3, 10−4, 10−5. The horizontal and vertical
dashed red lines indicate the threshold at vanishing de-
polarizing noise and loss probability, respectively. For
comparison, the threshold of the standard surface code
is shown by a black dashed line. In b), the blank region
indicates no error was found.

probability normalized by the number of rounds
for a distance code d = 11 and both LDU proto-
cols as a function of the loss probability pl and the
depolarizing noise error probability pd on linear
scale axes to highlight that curve of iso-logical er-

ror probability have an almost linear dependence
in pl and pd (see Fig. 14).

Figure 14: The logical error probability normalized by the
number of rounds for a surface code of distance d = 11
and d cycles of stabilizer measurements as a function of
the loss probability pl and the depolarizing noise error
probability pd. It is the same plots as in Fig. 2 c),d) but
with linear scale axes to point out the linear scaling of
the iso-logical error probability curves. The blank regions
indicate no errors were found.

D Error mechanism combining atom
loss and depolarizing noise
We present an example of an error mechanism,
for a surface code with d = 5, (see Fig. 15) which
combine two X errors and an atom loss indicated
by red X and L, respectively. We assume these
errors arising at the beginning of the cycle. When
considered independently, each error mechanism
introduces fewer than d+1

2 = 3 errors. However,
atom loss and depolarizing noise combine such
that the decoding procedure fails. In this exam-
ple, the three errors align such that only a sin-
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gle stabilizer flips, indicated by the red O. Using
the MWPM algorithm, the path with the low-
est weight 2wd is selected (red solid line), where
wd = ln1−pd

pd
> 0. However, the correct recovery

operator should follow the green dashed line with
weight 2wd + wl where the weight wl = ln1−ploss

ploss

with ploss = pl
2ptot.

(1 − pd) + pd(1 − pl
2ptot.

) is com-
puted using the merge_strategy=independent
option of Pymatching. In this case, we have
wd > wl > 0. Here ptot. depends on the LDU
protocol employed and is the sum of the proba-
bilities for all potential loss locations that trigger
the corresponding LDU (see Appendix A for de-
tails).

X X L
O

Figure 15: Example of a logical error on the surface
code d = 5. Black dots represent data qubits. Orange
plaquettes indicate Z stabilizers and blue plaquettes are
X stabilizers. Red X indicate an X error on the corre-
sponding qubit and red L marks the loss of the qubit.
The red O represents the flipped stabilizer. The green
dashed line shows the correct recovery procedure and
the red solid line correspond to the incorrect one. wd

and wl are the weights associated to the edges.

E Logical error for the naive decoder
In Fig. 16 we plot the logical error probability
normalized by the number of rounds at vanishing
depolarizing noise and finite loss probability for
both LDU protocols and using the naive decoder
(see solid lines). The simulation is performed for
surface codes of distances d = 3, 5, 7, 9, 11 and d
cycles of stabilizer measurements. With the naive
approach (see Sec. 6), losses are not treated as an
erasure channel, leading us to expect a power law
with an exponent of d+1

2 ; however, the observed
scaling is even less favorable. We find that the
smallest-weight physical errors leading to a log-

Figure 16: Logical error probability normalized by the
number of rounds employing the naive decoder at van-
ishing depolarizing noise as a function of the loss proba-
bility for code distance d = 3, 5, 7, 9, 11 and d cycles of
stabilizer measurements for a) the standard LDU proto-
col and b) the teleportation LDU protocol. The dashed
red vertical line indicates the threshold around 1% for
both protocols. Other colored dashed lines represent fits
using Eq. (37). 105 shots were used to estimate the
logical error probability.

ical error are of weight ⌈d+1
4 ⌉ where ⌈·⌉ denotes

the ceiling function. An example of such a logical
error is illustrated in Fig. 17 for a code distance
d = 3.

When a loss event occurs, the surrounding sta-
bilizers may be flipped. In addition, when a new
atom is reloaded in place of the lost one in the
following cycle, it is, initially, in a product state
with the rest of the code. Through stabilizer op-
erations, it becomes entangled, but the measure-
ment outcome of the neighbouring stabilizers may
be flipped compared to the previous cycle. Thus,
a combination of loss and reloading can introduce
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L

Figure 17: Example of a logical error employing the naive
decoder on the surface code d = 3. Black dots repre-
sent data qubits. Orange plaquettes indicate Z stabi-
lizers and blue plaquettes are X stabilizers. The red L
marks the loss of the qubit at round r and the red R in-
dicate the reloading at the subsequent cycle. The red O
represents the flipped stabilizer. The green dashed line
shows the correct recovery procedure and the red solid
line correspond to the incorrect one. w1, w2 and w3 are
the weights associated to the edges. The width of the
edges scales with the value of wi: w1 < w2 < w3.

a weight-two error, reducing the effective logical
error threshold to weight ⌈d+1

4 ⌉ rather than the
standard d+1

2 .
In the specific scenario illustrated in Fig. 17,

the middle atom is lost during the second CZ gate
at round r and subsequently reloaded at round
r + 1. The observed syndrome, indicated by the
two red O symbols, arises from the dashed green
edges. The loss and subsequent reloading trigger
the flipping of the top-right orange Z stabilizer
at both rounds r and r + 1. This simultaneous
flipping of stabilizers at these cycles only occurs
if the middle qubit loss happens precisely during
the second CZ gate at round r, a scenario with
low probability. In addition, at round r + 1, both
the top-right and bottom-left orange Z stabilizers
might flip together, which can occur if the middle
qubit is lost during any CZ gate at round r or
during the first CZ gate at round r + 1.

However, the observed syndrome is more likely
to result from other loss mechanisms. Typically
the flipped stabilizer at round r can be caused
by a loss of the upper right qubit or the middle
right qubit at round r − 1 and during any of the
CZ gates or at round r but specifically if the loss
occurs during the first CZ gate. Likewise, the
flipped stabilizer at round r + 1 might stem from
the loss of the middle-left or bottom-left qubit at
round r during any CZ gate, or at round r + 1 if
the loss occurs during the first CZ gate. Overall,

the observed syndrome is much more likely to be
obtained by the red edges that the green ones
causing a logical error.

However, these logical errors are rare, therefore
higher order terms up to the weight d+1

2 must
be included in the expansion of the logical error
probability function as they cannot be neglected.
Consequently, we fit the logical error probability
in Fig. 16 (see dashed lines) with a function of
the form:

d+1
2∑

k=⌈ d+1
4 ⌉

bk(d)pk
l (37)

where bk(d) are fitting parameters which depends
on the distance code. This functional form al-
lows us to accurately capture the behavior of the
logical error probability when using the naive de-
coder.
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