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Abstract—Reliable benchmarking of Quantum Error Mitiga-
tion (QEM) requires distinguishing genuine improvements from
artefacts of the post-processing arithmetic. In this paper, we
expose a failure mode in Richardson Zero-Noise Extrapolation
(ZNE), a widely used technique routinely (and often implicitly)
relied upon in benchmarks and experiments. When noise ampli-
fication operates beyond usable signals — a regime that is quickly
reached on current hardware for non-trivial circuits — we show
that the extrapolation no longer reflects the underlying physics,
but collapses into a fixed rescaling of a single noisy measurement,
producing a bogus apparent improvement that is independent of
noise amplification. This poses a rarely considered threat to the
validity of many empirical evaluations in quantum computing.

Measurements on real hardware (IQM Euro-Q-Exa) confirm
this collapse with ordinary folding alone: as circuit depth erodes
the signal, the reported estimate decouples from the truth and
overshoots the ideal by up to 21%. We further introduce a
matched-cost “garbage-folding” negative control that carries no
usable signal yet reports a larger apparent improvement than
genuine folding — showing that the magnitude of an improvement
is not evidence of its correctness — alongside a zero-cost check
flagging the artefact from data a benchmark already holds. We
distil both into a short reporting checklist for ZNE benchmarks.

Index Terms—zero-noise extrapolation, quantum error mitiga-
tion, benchmarking, benchmarking failure modes

I. INTRODUCTION

Hardware noise systematically distorts the outcomes of
Noisy Intermediate Scale Quantum (NISQ) algorithms [1],
[2], and is a crucial obstacle to any practical or industrial
use [3]. ZNE has become a widely used QEM technique to
counter this [4]-[7], as it is hardware-agnostic and requires
little computational overhead. The Richardson variant [4], [6],
[8], [9] fits a polynomial to expectation values at different
noise amplification levels Ay and extrapolates to the zero-
noise limit A = 0. The extrapolated value E(0) is reported
as the benchmark outcome, and the magnitude of the im-
provement E(0) — E()\;) is taken as evidence of successful
mitigation. Benchmarking error mitigation therefore hinges on
a deceptively simple question: is a reported improvement real,
or merely an artefact of the post-processing pipeline?

All of this rests on the assumption that the measured
expectation values still decay predictably with A. If the true
signal decays faster than the polynomial model assumes, the
extrapolation can yield an unphysical improvement that stems
not from the intended noise amplification mechanism, but
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from a mathematical artefact: a destroyed signal that the
extrapolation arithmetic rescales into an apparent improvement
that is often over-corrected or possibly unphysical. Govia et
al. [10] described a related effect for Probabilistic Error
Cancellation (PEC) — an apparent improvement produced
by the post-processing arithmetic rather than the intended
mechanism — which they term the horoscope effect. We adopt
this name for its Richardson ZNE analogue, give it a closed
form, and demonstrate it on hardware with a matched-cost
negative control, extending our broader study of statistical
artefacts in QEM benchmarks [11] in the benchmarking-by-
validation spirit of testing what a pipeline delivers [12] under
reproducible protocols [13].

For a credible benchmark, apparent improvements must be
attributable to the intended noise amplification mechanism
rather than an extrapolation arithmetic. We provide four con-
tributions:

« a closed-form characterisation of when and why Richard-
son ZNE degenerates to deterministic rescaling, pin-
pointing the regime in which a benchmark’s reported
improvement becomes meaningless;

« a signal-retention taxonomy that lets a benchmark decide,
from its own per-\ data, which regime a circuit is in,
across simulation and the IQM Euro-Q-Exa hardware;

« a matched-cost “garbage-folding” negative control that
quantifies how much apparent improvement a bench-
mark can manufacture from signal destruction alone,
demonstrated on hardware against genuine folding as the
positive reference;

e a zero-cost negative-probability check and a short report-
ing checklist that flag the artefact from data a benchmark
already holds.

II. BACKGROUND: RICHARDSON EXTRAPOLATION

ZNE [4], [5] estimates a noise-free expectation value E‘(O)
from measurements at K amplified noise levels \; < --- <
Ak . Richardson extrapolation fits a degree-(K —1) polynomial
through the data; the zero-noise estimate is the linear combi-
nation as

K
ch =1, (1)


mailto:dominik.koester@othr.de
mailto:wolfgang.mauerer@othr.de

whose Lagrange coefficients ¢ depend only on the chosen
scale factors [7]. Digital ZNE can realise \;, > 1 by gate-level
unitary folding G+ G(GTG)¥, which leaves the ideal circuit
invariant while multiplying its error rate [8]. We quantify
the improvement by the recovery ratio p = 7 —=— FOu) the
fraction of the gap between the raw value F()\;) and the ideal
value FEigeq that the extrapolation closes: p = 0 means no
improvement over the raw value, p = 1 a perfect recovery of
the ideal value, and p > 1 an unphysical overshoot beyond it.

a) Variance  amplification: ~ As it holds that
Var(E) = Zkl,(zl ci Var(E()\i)), the noise-amplification
factor is bounded by Zle |ck|, and can be determined
from scale factors alone [7], [9]. For the widely used set
{1,3,5} [8], [14] one obtains > |cx| = 3.5 with ¢; = 12,
co = —2, ¢3 = 3; the tightly spaced set {1,1.1,1.25,1.5} [15]
yields > |ex| = 681, a 194x larger variance bound from
scale-factor choice alone.

b) The signal-retention assumption: Equation (1) is in-
formative only if F'(\;) carries signal beyond statistical noise.
Under ideal depolarising noise, a probability observable de-
cays towards the floor f = 1/2V for N qubits. A parity
observable (Z®N) decays towards f = 0 and can even
become negative under noise, which is not uncommon on real
hardware. If E()\) approaches the floor, the extrapolation can
yield an unphysical improvement, which can already occur at
A = 3 for circuits with non-trivial depth on current hardware
(see Euro-Q-Exa experiment in Figure 2).

E(0)—FE(\1)

III. DEGENERATION TO DETERMINISTIC RESCALING

Suppose that for every amplified scale factor, the expec-
tation value collapses to the floor, E(\;) ~ f for & > 1.
Substituting into (1) and using Zszl cr = 1, we find

E(0) = ClE(A1)+(Zk>1 Ck) f=aEM)+(1-a)f. @

1

=1 ¢,

For {1, 3,5}, this leads to a closed-form function of the single
noisy value E(\;): E(0) = 13E(A1) — L f. For high qubit
counts, f collapses to near zero, and three observations follow:
(1) the extrapolation is independent of the noise amplification
method and yields the same £/(0); (2) since ¢; > 1, any E(\;)
is rescaled upward, resulting in an apparent improvement
that can overshoot the ideal value; and (3) the apparent
improvement persists even for a non-functional amplification
method, making it indistinguishable from a genuine improve-
ment without further diagnostics. The argument is not specific
to Richardson or scale factors {1, 3, 5}: Any linear extrapolator
with ¢; > 1 collapses to the same single-point rescaling once

E(A>1) reaches the floor.

a) Empirical confirmation on hardware: Equation (2) is
not merely a worst case: it is reached by ordinary, faithful
folding on real hardware. We measure the parity observable
(Z®%) (floor f = 0) of a 4-qubit Quantum Trotter Circuit
(QTC) on a connected, low-error chain of the 54-qubit IQM
Euro-Q-Exa machine, using the scale factors {1,3,5} fold-
ing throughout (protocol in Section V-D), while increasing

the Trotter depth d. Figure 1(a) shows the amplified values
E(A>1) collapsing to the floor as d grows. Figure 1(b)
compares, at each depth, the Richardson estimate E‘(O) with
the rescaling prediction %E(Al) and with Fjge. At d=1 the
signal is retained (E(\3)=0.46), the two predictions differ
markedly, and Richardson recovers the ideal value. At d=3,5
the amplified values have reached the floor and E(O) tracks the
pure rescaling to within 5%, decoupled from the truth: at d=3
it overshoots the ideal by 21% (E:l.lﬁ against Fige,=0.96),
at d=>5 it merely happens to fall below. The number of negative
extrapolated per-state estimates (see Section VI) grows in
lockstep, from 3/16 to 7/16.
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Fig. 1. Richardson extrapolation on Euro-Q-Exa. (a) The amplified parity

values E(A) of a 4-qubit QTC collapse to the floor f = 0 as the Trotter
depth d grows. (b) At each depth, the Richardson estimate £/(0), the rescaling
prediction %E(Al), and Ejgea. Once the signal reaches the floor (d=3, 5),

E(0) tracks the rescaling and is decoupled from the ideal value; at d=1,
where the signal is retained, it instead recovers the ideal.

IV. A SIGNAL-RETENTION TAXONOMY

Figure 2 shows E(A) for four circuits under simulated
depolarising noise (pzq = 1073), and for Euro-Q-Exa. Three
qualitatively distinct regimes emerge:

1) Signal retained. The 6-qubit Quantum Fourier Transforma-
tion (QFT) mirror and the 4-qubit QTC decay slowly and
stay well above the floor at A = 5; Richardson recovers
near-ideal values (p = 0.99 and p = 1.00).

2) Signal decayed. The 6-qubit Grover circuit reaches
E(X3) = 0.078 and E(A5) = 0.027, both near the floor
f = 1/64, and recovery degrades to p = 0.44.

3) Signal destroyed. On Euro-Q-Exa, the parity signal is neg-
ative at A = 5, satisfying the precondition of Equation (2):
any improvement on this device is partly an artefact of the
rescaling arithmetic.

Recovery degrades progressively as E(A>1) approaches the

floor: the fit loses informative anchors and p drops accordingly.

V. GARBAGE-FOLDING FALSIFICATION
A. Design

Apart from hardware runs, all circuits are simulated under
ideal depolarising noise, for which Richardson extrapolation
is exact [7]. To probe regimes with stronger noise than
in this model [16], and to check if improvement in the
destroyed regime depends on the amplification method, we
replace genuine folding with a “garbage folding”: Inserted
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Fig. 2. Richardson extrapolation across signal-retention regimes at A €
{1,3,5}. Solid: Lagrange polynomial through E(\); dashed: extrapolation
to B (0) (stars); crosses mark Ejge,. Grey dotted: garbage folding on Grover.
The Euro-Q-Exa parity signal turns negative at A = 5 (signal destroyed).
Horizontal dotted: floor 1/26 of the 6-qubit circuits.

folds do not reduce to the identity, U(UTU) # U, yet match
genuine folding in gate count and residual error rate. This
maximises signal destruction at A > 1, the exact precondition
of Equation (2), and acts as a negative control. Matched
in cost but carrying no usable signal, it isolates whether
a larger reported improvement reflects better mitigation or
merely stronger signal destruction.

B. Simulation

The grey dotted line in Figure 2 shows garbage folding on
the Grover circuit outperforming genuine folding (p ~ 0.56
versus 0.44). This illustrates a general failure mode: whenever
the actual noise at A > 1 exceeds the polynomial model —
through non-Markovian effects, coherent errors, or simply
higher-than-expected gate errors — Richardson overestimates
the noise-free value, an artefact of the coefficient arithmetic
rather than the amplification. Applied to the signal-retained
QFT and QTC, the same garbage folding drives p to the wildly
unphysical 16 and 125, which is an extreme but unambiguous
instance of the same effect.

C. Two routes to unphysical extrapolation

The degeneration of Section III is one of two distinct ways
Richardson ZNE can turn unphysical, and the two must not
be conflated. (1) Ill-conditioning: closely spaced scale factors
carry a large coefficient sum Y |c;|, which by the variance
bound of Section II amplifies statistical noise and residual
model error into an overshoot even when every F(\) retains
signal. This route is well understood and is precisely why the
community favours the widely spaced set {1,3,5} [7], [8],
[14]. Recent work characterises the resulting finite-shot help—
harm boundary, at which the excess-variance penalty of the
coefficients outweighs the squared-bias improvement [17]. On
the Grover circuit, as »_ |¢;| grows by two orders of mag-
nitude, genuine recovery degrades from faithful at {1,3,5}
(pgen = 0.44, > |c;| = 3.5) to a sixfold overshoot for the

closely spaced Kandala set {1,1.1,1.25,1.5} [15] (pgen = 6.0,
> |eil = 681), despite all E()) retaining signal. (2) Signal
destruction: the route studied here is orthogonal, governed
by the proximity of E(A>1) to the floor, not by > |¢;|, and
therefore strikes even the variance-optimal {1,3,5} as soon
as depth or hardware noise destroys the signal (see Figure 1).

D. Hardware

We repeat the falsification on the 54-qubit IQM Euro-
Q-Exa machine (via the MQSS Qiskit adapter). Faithful
benchmarking requires that the designed circuit is executed
under identical conditions every time. Concretely, the lin-
ear QTC is mapped onto a directly-connected, low-error
qubit chain (qubits 8-11 from the calibration), transpiled at
optimization_level=0 onto the native gate set, with the
no_modify flag set to prevent register re-routing. Pinning a
connected chain (an earlier non-adjacent register incurred rout-
ing overhead and worse values) makes genuine and garbage
folding differ only in the inserted fold copies, sharing an
identical two-qubit (CZ) count at every A. Each circuit is
sampled with 4096 shots, so the per-\ binomial standard error
on the parity stays below 0.02, which is far smaller than the
signal collapse and the overshoot we report, which therefore
cannot be attributed to shot noise.

On this calibration E(\) decays from 0.77 to 0.41 to
0.12 at A € {1,3,5}, against Figeq = 0.98. Averaged over
15 matched repetitions, genuine folding already overshoots
slightly (pgen = 0.99 £ 0.13) because the signal sits near
the floor at A>1, whereas garbage folding overshoots far
beyond it (Egarb = 138 £ 0.04, pear = 2.77 £ 0.25)
while driving 10 of 16 basis-state estimates negative. This
is a larger apparent improvement than the genuine one, yet
entirely unphysical. The overshoot is deterministic rather than
slow drift: a blocked-versus-interleaved acquisition bounds the
inter-circuit bias below 1.4 x 1072 and the Allan deviation
follows the 1/1/m white-noise law, so only longer averaging —
not the folding — reduces it (details in our reproduction
package). Two controls isolate the cause. An identity fold
(extra native gate pairs composing to the identity, matched in
count to garbage folding) neither overshoots nor triggers the
artefact (pig = 0.74 £ 0.09), so the ghost improvement comes
from signal-destroying folds, not from added gates. And where
signal is retained, genuine folding genuinely helps — lowering
the mean-squared error against the raw A=1 baseline by more
than an order of magnitude — so the failure is specific to the
artefact regime, not to ZNE itself.

VI. A ZERO-COST NEGATIVE-PROBABILITY DIAGNOSTIC

Constraining the extrapolation to the physical range of the
observable suppresses unphysical scalar estimates [18], yet
an artefactual estimate can easily fall within that range — as
seen for d=>5 in Figure 1, the pure rescaling merely happens
to fall below the ideal value. A better indicator of artefact
improvement is the full probability distribution of the results,
that is, the results of applying Richardson to every basis state:
For each state s, P(s) = >k ¢k Ps(A). A valid distribution
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requires P(s) > 0 for all s. Small violations are expected
even for genuine folding. The negative coefficient co = —5/4
pushes a few estimates marginally below zero under statistical
noise, but a large violation is a fingerprint of the degeneration
regime: Once Ps (A3 5) have collapsed to the floor, ¢o drives a
substantial share of the per-state estimates well below zero. On
the 6-qubit Grover circuit at p,q = 6.4 x 10~%, genuine folding
leaves all states valid (0/64 negative, min, P(s) = +0.0005)
while garbage folding pushes nearly half below zero (29/64
negative, min, P(s) = —0.039). The check requires no
additional computational cost, as a benchmark already holds
the per-state counts at each A. Reporting the negative fraction
and min, P(s) alongside £(0) turns a hidden artefact into a
visible check.

This diagnostic is not a simulation artefact; on hardware it
discriminates perfectly. Across 405 Euro-Q-Exa runs spanning
all three regimes (45 repetitions each of {genuine, iden-
tity, garbage} folding x {retained, decayed, destroyed}), we
summarise the violation by the negative-probability weight
Whee = 2. (s)<0 |P(s)|. Unlike the recovery ratio p, which
requires the ideal value and diverges as FEigeaq — E(A1) (the
source of the unphysical p = 16,125 in Section V), Wyeg
needs no ground truth and stays bounded, making it the more
robust benchmarking statistic. Valid folding (genuine, identity)
stays an order of magnitude below the boundary in every
regime (Wye, = 0.02-0.04), whereas garbage folding sits far
above it (0.74 £ 0.06); the two never overlap (largest valid
0.06 versus smallest garbage 0.64; AUC= 1.0). The garbage
value is moreover regime-invariant (coefficient of variation
<8%): once the signal is destroyed, Equation (2) fixes the per-
state estimate to a single rescaling, so Wy, saturates against
a ceiling set by the scale factors alone. It is therefore a binary
validity flag, available from the per-A counts, that flags the
artefact however convincing £(0) looks.

VII. IMPLICATIONS AND CONCLUSION

We have shown that Richardson extrapolation degenerates to
deterministic rescaling whenever noise amplification destroys
the signal at A > 1: Any folding can manufacture an apparent
“improvement” larger than the genuinely achieved advantage,
which constitutes a horoscope effect. We confirmed the effect
on hardware with genuine {1,3,5} folding alone. While
hardware evidence is limited to one device and circuit family,
simulation broadens circuit coverage but assumes ideal depo-
larising noise. As Equation (2) depends only on ), ¢; =1
and the floor f, we expect the failure mode to generalise, with
onset depth and noise level being device-specific. Crucially,
this signal-destruction route is distinct from the familiar ill-
conditioning of closely spaced scale factors: controlled by
proximity to the floor rather than by > |¢;], it leaves even
the variance-optimal {1,3,5} fully exposed.

From this we distil a reporting checklist that any Richardson
ZNE benchmark can adopt at no additional computational cost:

(1) report whether E()) still retains signal at A > 1 or has
reached the observable floor;

(2) report the per-basis-state negative-probability weight W,
alongside E(O), not the scalar estimate alone;

(3) report improvement relative to the physically attainable
maximum (e.g., E(O) < 0.98 for our QTC), and flag
overshoots; where the ideal value is unknown, bound it
with a classically simulable surrogate and flag any £(0)
exceeding the bound.

A failure of any item marks the reported improvement as
an artefact rather than genuine mitigation. Paired with the
matched-cost garbage-folding negative control — which a
benchmark suite can run as a routine sanity check — these
items separate what a ZNE pipeline claims to measure from

what it actually measures.

Data availability Code and data to generate the complete paper
are available in our reproduction package. HW calibration snapshots
and logs allow reproduction without machine access.
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