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Quantum Bits

Born’s rule: 

              

P(0) = |⟨0 |ψ⟩ |2

P(1) = |⟨1 |ψ⟩ |2Qubit state: (⟨0 |ψ⟩
⟨1 |ψ⟩)

Two states, zero and one

“Partly a thing, 

and partly our knowledge of a thing”



Qubit zoology
 Wild qubits:  
	 - NMR nuclear spins, Beryllium ions, photons, neutrinos 
	 - Perfectly identical, naturally! 
	 - WYGiWYG - No properties engineering 
 
 Tame qubits: 
	 - SQUIDS, Quantum dots, NV diamond 
	 - Home made - every one an original! 
	 - Wide range of properties available (if you can control them) 
 
 Care and feeding:  
	 - Room temperature vs. mK 
	 - NMR machine vs. Ion Trap vs. Dilution Fridge 
	 - DC vs. Radio vs. Microwave vs. Laser control 



Qubits
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Quantum gates

(⟨0 |ψ(0)⟩
⟨1 |ψ(0)⟩)

(⟨0 |ψ(t)⟩
⟨1 |ψ(t)⟩)

(⟨0 |ψ(t)⟩
⟨1 |ψ(t)⟩) = (U11(t) U12(t)

U21(t) U22(t)) (⟨0 |ψ(0)⟩
⟨1 |ψ(0)⟩)

U |ψ(t)⟩|ψ(0)⟩

iℏ
∂
∂t

|ψ⟩ = Ĥ |ψ⟩ |ψ(t)⟩ = exp (−
iĤt
ℏ ) |ψ(0)⟩



One Qubit Quantum Gates
Hadamard

H
1

2 (1 1
1 −1)

S gate

S (1 0
0 i) Y rotation Ry (cos a/2 −sin a/2

sin a/2 cos a/2 )

Rx ( cos a/2 i sin a/2
i sin a/2 cos a/2 )

Rz (1 0
0 eia/2)Z rotationT (1 0

0 ei π
4 )

T gate

X rotation



Single qubit gate synthesis

Fact: with combinations of T and H can make a rotation around an irrational multiple 
of Pi. 


Then can make any rotation

Hadamard

H
1

2 (1 1
1 −1)

T (1 0
0 ei π

4 )
T gate



Tensor product in a basis take:   and  





A state that can be written as the tensor product of the state of system 1 with the state 
of system 2 is called separable. 

Are all states separable?

(⟨0 |ψ1⟩
⟨0 |ψ1⟩) = (a

b) (⟨0 |ψ2⟩
⟨0 |ψ2⟩) = (c

d)

(a
b) ⊗ (c

d) =
a (c

d)
b (c

d)
=

ac
ad
bc
bd

More than one  qubit: the Tensor Product



Entanglement

Are all quantum states  separable?


NO!!


Example: Bell states

Bell States











|β00⟩ =
1

2
( |00⟩ + |11⟩)

|β01⟩ =
1

2
( |01⟩ + |10⟩)

|β10⟩ =
1

2
( |00⟩ − |11⟩)

|β11⟩ =
1

2
( |01⟩ − |10⟩)



Two qubit Quantum Gates: Examples
CNOT

⟨00 |ψ(t)⟩
⟨01 |ψ(t)⟩
⟨10 |ψ(t)⟩
⟨11 |ψ(t)⟩

=

1 0 0 0
0 1 0 0
0 0 0 1
0 0 1 0

⟨00 |ψ(0)⟩
⟨01 |ψ(0)⟩
⟨10 |ψ(0)⟩
⟨11 |ψ(0)⟩

Control and target can be changed by one-qubit gates

=

H H

H H



Quantum Circuit Model
Quantum Circuit: a single qubit is denoted by a line 

Evolution in timeU

Complex circuits - many lines, many gates

n qubits

Can denote a register with n qubits

H|0⟩

|0⟩

1

2
( |00⟩ + |11⟩)



Linearity
Quantum gates and circuits act on superposition states


Simple example:  , 





In general if 


Then U acts LINEARLY:       

X |0⟩ = |1⟩ X |1⟩ = |0⟩

X(a |0⟩ + b |1⟩) = (a |1⟩ + b |0⟩)

|ψ⟩ =
2n−1

∑
x=0

cx |x⟩

U |ψ⟩ =
2n−1

∑
x=0

cxU |x⟩



No Cloning
A simple classical gate is fanout:

This copies classical bits.


Can we copy quantum information?

x
x

x
x ∈ {0,1}



No Cloning
Suppose I might have  or   but I  don’t know which. 


Can  I copy my unknown quantum state?


Is there a U such that:

|ψ⟩ |ϕ⟩

U
|0⟩

|ψ⟩

|ψ⟩

|ψ⟩
U

|0⟩

|ϕ⟩

|ϕ⟩

|ϕ⟩



No Cloning Theorem

Take the inner products of both sides:





This implies either  or  


U only exists if the states are orthogonal - so we can only copy classical information. 

⟨ψ |ϕ⟩ = ⟨ψ |ϕ⟩2

⟨ψ |ϕ⟩ = 0 ⟨ψ |ϕ⟩ = 1

U |0⟩ ⊗ |ψ⟩ = |ψ⟩ ⊗ |ψ⟩ U |0⟩ ⊗ |ϕ⟩ = |ϕ⟩ ⊗ |ϕ⟩

U
|0⟩

|ψ⟩

|ψ⟩

|ψ⟩
U

|0⟩

|ϕ⟩

|ϕ⟩

|ϕ⟩



Universality in Classical Computation

Classically: ONE! NAND is universal

A B C

0 0 1

0 1 1

1 0 1

1 1 0
=

A
B CNAND

How many kinds of gate must I build?



One Qubit Quantum Gates
Hadamard

H
1

2 (1 1
1 −1)

S gate

S (1 0
0 i)

T (1 0
0 ei π

4 )
T gate

CNOT

Clifford Gates - easy to simulate classically

Not universal!

Only need to add T gate to make a universal set



Logical qubits

Many noisy 
physical qubits

Fewer less 
noisy logical 
qubits

Logical  and  are entangled states of the physical qubits


Errors can be detected and  corrected without disturbing logical information


Physical noise must be below a threshold that depends on the code

|0⟩ |1⟩



ρT

ρT

ρT

ρT

Fault tolerant gates
X |0⟩ = |1⟩

Transversal Gates: Easy!


Clifford gates are transversal


T-gates are not transversal


T-gates are Hard!

State Injection:

Clifford 
Circuit

|ψ⟩

|T⟩ \

T |ψ⟩

Clifford 
Circuit

|ψ⟩
ρT

|T⟩

Magic state distillation



Where are  we now?

Qubits in 
the Lab

Encoded
qubits

2023
<1

79

2024
1

105
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A surface code memory below threshold
We begin with results from our 105-qubit Willow processor depicted in 
Fig. 1a. It features a square grid of superconducting transmon qubits24 
with improved operational fidelities compared with our previously 
reported Sycamore processors17,25. The qubits have a mean coherence 
time T1 of 68 µs and T2,CPMG of 89 µs, which we attribute to improved 
fabrication techniques, participation ratio engineering and circuit 
parameter optimization (Supplementary Information). Increasing 
coherence contributes to the fidelity of all of our operations, which 
are displayed in Fig. 1b.

We also make several improvements to decoding, using two high- 
accuracy offline decoders. One is a neural network decoder26, and 
the other is a harmonized ensemble27 of correlated minimum-weight 
perfect matching decoders28 augmented with matching synthesis29. 
These run on different classical hardware, offering two potential 
paths towards real-time decoding with higher accuracy. To adapt to 
device noise, we fine-tune the neural network with processor data26 
and apply reinforcement learning optimization to the matching graph 
weights30.

We operate a distance-7 surface code memory comprising 49 data 
qubits, 48 measure qubits and 4 additional leakage removal qubits17. 
Summarizing, we initiate surface code operation by preparing the 
data qubits in a product state corresponding to a logical eigenstate of 
either the XL or ZL basis of the ZXXZ surface code31. We then repeat a vari-
able number of cycles of error correction, during which the measured 
qubits extract parity information from the data qubits to be sent to the 
decoder. After each syndrome extraction, we run data qubit leakage 
removal (DQLR)32 to ensure that leakage to higher states is short-lived. 
We measure the state of the logical qubit by measuring the individual 
data qubits and then check whether the corrected logical measure-
ment outcome of the decoder agrees with the initial logical state. It is 
worth noting that fault-tolerant computation does not require active 

correction of the code state; the decoder can simply reinterpret the 
logical measurement outcomes13.

From the surface code data, we can characterize the physical error 
rate of the processor using the bulk error detection probability33. This 
is the proportion of weight-4 stabilizer measurement comparisons that 
disagree with their ideal noiseless comparisons, thereby detecting an 
error. The surface code detection probabilities are pdet = (7.7%, 8.5%, 
8.7%) for d = (3, 5, 7), respectively. We attribute the increase in detec-
tion probability with code size to finite size effects (Supplementary 
Information) and parasitic couplings between qubits. We expect both 
effects to saturate at larger processor sizes34.

We characterize the logical performance of our surface code by fit-
ting the logical error per cycle εd up to 250 cycles, averaged over the XL 
and ZL bases. We average the performance of nine different distance-3 
subgrids and four different distance-5 subgrids to compare with the 
distance-7 code. Finally, we compute Λ using linear regression of ln[εd] 
versus d. With our neural network decoder, we observe Λ = 2.14 ± 0.02 
and ε7 = (1.43 ± 0.03) × 10−3 (Fig. 1c,d). With ensembled matching syn-
thesis, we observe Λ = 2.04 ± 0.02 and ε7 = (1.71 ± 0.03) × 10−3.

Furthermore, we simulate logical qubits of higher distances using a 
noise model based on the measured component error rates in Fig. 1b, 
additionally including leakage and stray interactions between qubits17 
(Supplementary Information). These simulations are shown alongside 
the experiment (Fig. 1d, inset), both decoded with ensembled match-
ing synthesis. We observe reasonable agreement with experiment 
and decisive error suppression, affirming that the surface codes are 
operating below threshold.

Thus far, we have focused on Λ, because below-threshold perfor-
mance guarantees that physical qubit lifetimes and operational fideli-
ties can be surpassed with a sufficiently large logical qubit. In fact, our 
distance-7 logical qubit already has more than double the lifetime of 
its constituent physical qubits. Although comparing physical and logi-
cal qubits is subtle owing to their different noise processes, we plot a 
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Fig. 1 | Surface code performance. a, Schematic of a distance-7 (d = 7) surface 
code on a 105-qubit processor. Each measure qubit (blue) is associated with a 
stabilizer (blue-coloured tile). Data qubits (gold) form a d × d array. We remove 
leakage from each data qubit using a neighbouring qubit below it, with additional 
leakage removal qubits at the boundary (green). b, Cumulative distributions of 
error probabilities measured on the 105-qubit processor. Red, Pauli errors for 
single-qubit gates; black, Pauli errors for CZ gates; gold, Pauli errors for data 
qubit idle during measurement and reset; blue, identification error for 
measurement; teal, weight-4 detection probabilities (distance 7, averaged for 
250 cycles). c, Logical error probability pL for a range of memory experiment 
durations. Each data point represents 105 repetitions decoded with the neural 

network and is averaged over the logical basis (XL and ZL). Black and grey, data 
from ref. 17 for comparison. Curves, exponential fits after averaging pL over 
code and basis. To compute εd values, we fit each individual code and basis 
separately and report their average (Supplementary Information). d, Logical 
error per cycle, εd, reducing with surface code distance d. Uncertainty on each 
point is less than 7 × 10−5. The symbols match those in c. Means for d = 3 and d = 5 
are computed from the separate εd fits for each code and basis. Line, fit to 
equation (1), determining Λ. The inset shows simulations up to d = 11 alongside 
experimental points, both decoded with ensembled matching synthesis for 
comparison. Line, fit to simulation; Λsim = 2.25 ± 0.02.
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determine the overall effect of these inferred errors on the logical qubit, 
thus preserving the logical state. Most surface code logical gates can 
be implemented by maintaining logical memory and executing differ-
ent sequences of measurements on the code boundary35–37. Thus, we 
focus on preserving logical memory, the core technical challenge in 
operating the surface code.

We implement the surface code on an expanded Sycamore device38 
with 72 transmon qubits39 and 121 tunable couplers40,41. Each qubit is 
coupled to four nearest neighbours except on the boundaries, with 
mean qubit coherence times T1 = 20 µs and T2,CPMG = 30 µs, in which 
CPMG represents Carr–Purcell–Meiboom–Gill. As in ref. 42, we imple-
ment single-qubit rotations, controlled-Z (CZ) gates, reset and measure-
ment, demonstrating similar or improved simultaneous performance 
as shown in Fig. 1c.

The distance-5 surface code logical qubit is encoded on a 49-qubit 
subset of the device, with 25 data qubits and 24 measure qubits. Each 
measure qubit corresponds to one stabilizer, classified by its basis  
(X or Z) and the number of data qubits involved (weight, 2 or 4). Ideally,  
to assess how logical performance scales with code size, we would 
compare distance-5 and distance-3 logical qubits under identical noise.  

Although device inhomogeneity makes this comparison difficult, 
we can compare the distance-5 logical qubit to the average of four 
distance-3 logical qubit subgrids, each containing nine data qubits 
and eight measure qubits. These distance-3 logical qubits cover the 
four quadrants of the distance-5 code with minimal qubit overlap, 
capturing the average performance of the full distance-5 grid.

In a single instance of the experiment, we initialize the logical qubit 
state, run several cycles of error correction, and then measure the final 
logical state. We show an example in Fig. 2a. To prepare a ZL eigenstate, 
we first prepare each data qubit in |0#  or |1# , an eigenstate of the  
Z stabilizers. The first cycle of stabilizer measurements then projects 
the data qubits into an entangled state that is also an eigenstate of the 
X stabilizers. Each cycle contains CZ and Hadamard gates sequenced 
to extract X and Z stabilizers simultaneously, and ends with the meas-
urement and reset of the measure qubits. In the final cycle, we also 
measure the data qubits in the Z basis, yielding both parity information 
and a measurement of the logical state. Preparing and measuring XL 
eigenstates proceeds analogously. The instance succeeds if the  
corrected logical measurement agrees with the known initial state;  
otherwise, a logical error has occurred.

Our stabilizer circuits contain a few modifications to the standard 
gate sequence described above (see Supplementary Information), 
including phase corrections to correct for unintended qubit frequency 
shifts and dynamical decoupling gates during qubit idles43. We also 
remove certain Hadamard gates to implement the ZXXZ variant of the 
surface code44,45, which helps symmetrize the X- and Z-basis logical error 
rates. Finally, during initialization, the data qubits are prepared into 
randomly selected bitstrings. This ensures that we do not preferentially 
measure even parities in the first few cycles of the code, which could 
artificially lower logical error rates owing to bias in measurement error 
(see Supplementary Information).

Error detectors
After initialization, parity measurements should produce the same 
value in each cycle, up to known flips applied by the circuit. If we com-
pare a parity measurement to the corresponding measurement in the 
preceding cycle and their values are inconsistent, a detection event 
has occurred, indicating an error. We refer to these comparisons as 
detectors.

The detection event probabilities for each detector indicate the 
distribution of physical errors in space and time while running the 
surface code. In Fig. 2, we show the detection event probabilities in 
the distance-5 code (Fig. 2b,c) and the distance-3 codes (Fig. 2d,e) run-
ning for 25 cycles, as measured over 50,000 experimental instances. 
For the weight-4 stabilizers, the average detection probability is 
0.185 ± 0.018 (1σ) in the distance-5 code and 0.175 ± 0.017 averaged 
over the distance-3 codes. The weight-2 stabilizers interact with fewer 
qubits and hence detect fewer errors. Correspondingly, they yield a 
lower average detection probability of 0.119 ± 0.012 in the distance-5 
code and 0.115 ± 0.008 averaged over the distance-3 codes. The relative 
consistency between code distances suggests that growing the lattice 
does not substantially increase the component error rates during error 
correction.

The average detection probabilities exhibit a relative rise of 12% for 
distance-5 and 8% for distance-3 over 25 cycles, with a typical character-
istic risetime of roughly 5 cycles (see Supplementary Information). We 
attribute this rise to data qubits leaking into non-computational excited 
states and anticipate that the inclusion of leakage-removal techniques 
on data qubits would help to mitigate this rise42,46–48. We reason that 
the greater increase in detection probability in the distance-5 code is 
due to increased stray interactions or leakage from simultaneously 
operating more gates and measurements.

We test our understanding of the physical noise in our system by 
comparing the experimental data to a simulation. We begin with a 
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Fig. 1 | Implementing surface code logical qubits. a, Schematic of a 72-qubit 
Sycamore device with a distance-5 surface code embedded, consisting of 25 data 
qubits (gold) and 24 measure qubits (blue). Each measure qubit is associated 
with a stabilizer (blue coloured tile, dark: X, light: Z). Representative logical 
operators ZL (black) and XL (green) traverse the array, intersecting at the lower- 
left data qubit. The upper right quadrant (red outline) is one of four subset 
distance-3 codes (the four quadrants) that we compare to distance-5.  
b, Illustration of a stabilizer measurement, focusing on one data qubit (labelled ψ)  
and one measure qubit (labelled 0), in perspective view with time progressing to 
the right. Each qubit participates in four CZ gates (black) with its four nearest 
neighbours, interspersed with Hadamard gates (H), and finally, the measure 
qubit is measured and reset to |0# (MR). Data qubits perform dynamical 
decoupling (DD) while waiting for the measurement and reset. All stabilizers are 
measured in this manner concurrently. Cycle duration is 921 ns, including 25-ns 
single-qubit gates, 34-ns two-qubit gates, 500-ns measurement and 160-ns reset 
(see Supplementary Information for compilation details). The readout and reset 
take up most of the cycle time, so the concurrent data qubit idling is a dominant 
source of error. c, Cumulative distributions of errors for single-qubit gates (1Q), 
CZ gates, measurement (Meas.) and data qubit dynamical decoupling  
(idle during measurement and reset), which we refer to as component errors.  
The circuits were benchmarked in simultaneous operation using random circuit 
techniques, on the 49 qubits used in distance-5 and the 4 CZ layers from the 
stabilizer circuit38,59 (see Supplementary Information). Vertical lines are means.
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logical operations and circuits, including scaling to large codes, fault 
tolerance and complex non-Clifford circuits.

Logical processor based on atom arrays
Our logical processor architecture, illustrated in Fig. 1a, is split into 
three zones (see also Extended Data Fig. 1). The storage zone is used 
for dense qubit storage, free from entangling-gate errors and featuring 
long coherence times. The entangling zone is used for parallel logical 
qubit encoding, stabilizer measurements and logical gate operations. 
Finally, the readout zone enables mid-circuit readout of desired logical 
or physical qubits, without disturbing the coherence of the computa-
tion qubits still in operation. This architecture is implemented using 
arrays of individual 87Rb atoms trapped in optical tweezers, which can 
be dynamically reconfigured in the middle of the computation while 
preserving qubit coherence7,9.

Our experiments make use of the apparatus described previously 
in refs. 7,8,30, with key upgrades enabling universal digital operation. 
Physical qubits are encoded in clock states within the ground-state 
hyperfine manifold (T2 > 1s (ref. 7)) and stored in optical tweezer arrays 
created by a spatial light modulator (SLM)30,31. We use systems of up to 
280 atomic qubits, combining high-fidelity two-qubit gates8, enabled 
by fast excitation into atomic Rydberg states interacting through robust 
Rydberg blockade32, with arbitrary connectivity enabled by atom trans-
port by means of 2D acousto-optic deflectors (AODs)7. Central to our 
approach of scalable control, AODs10–15,31,33 use frequency multiplex-
ing to take in just two voltage waveforms (one for each axis) to create 

large, dynamically programmable grids of light. Fully programmable 
local single-qubit rotations are realized through qubit-specific, paral-
lel Raman excitation through an additional 2D AOD (ref. 34) (Fig. 1b 
and Extended Data Fig. 2). Mid-circuit readout is enabled by moving 
selected qubits about 100 µm away to a readout zone and illuminating 
with a focused imaging beam7,35, resulting in high-fidelity imaging, as 
well as negligible decoherence on stored qubits (Fig. 1c and Extended 
Data Fig. 3). The mid-circuit10–15 image is collected with a CMOS cam-
era and sent to a field-programmable gate array (FPGA) for real-time 
decoding and feedforward.

The central aspect of our logical processor is the control of individual 
logical qubits as the fundamental units, instead of individual physi-
cal qubits. To this end, we observe that, during most error-corrected 
operations, the physical qubits of a logical block are supposed to real-
ize the same operation, and this instruction can be delivered in paral-
lel with only a few control lines. This approach naturally multiplexes 
with optical techniques. For example, to realize a logical single-qubit 
gate2, we use the Raman 2D AOD (Fig. 1b) to create a grid of light beams 
and simultaneously illuminate the physical qubits of the logical block 
with the same instruction. Such a gate is transversal2, meaning that 
operations act on physical qubits of the code block independently. 
This transversal property further implies that the gate is inherently 
fault-tolerant2, meaning that errors cannot spread within the code block 
(see Methods), thereby preventing a physical error from spreading into 
a logical fault. Crucially, a similar approach can realize logical entan-
gling gates2,4. Specifically, we use the grids generated by our moving 
2D AOD to pick up two logical qubits, interlace them in the entangling 
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Fig. 1 | A programmable logical processor based on reconfigurable atom 
arrays. a, Schematic of the logical processor, split into three zones: storage, 
entangling and readout (see Extended Data Fig. 1 for detailed layout). Logical 
single-qubit and two-qubit operations are realized transversally with efficient, 
parallel operations. Transversal CNOTs are realized by interlacing two logical 
qubit grids and performing a single global entangling pulse that excites atoms 
to Rydberg states. Physical qubits are encoded in hyperfine ground states of 
87Rb atoms trapped in optical tweezers. b, Fully programmable single-qubit 

rotations are implemented using Raman excitation through a 2D AOD;  
parallel grid illumination delivers the same instruction to multiple atomic 
qubits. c, Mid-circuit readout and feedforward. The imaging histogram shows 
high-fidelity state discrimination (500 µs imaging time, readout fidelity 
approximately 99.8%; Methods) and the Ramsey fringe shows that qubit 
coherence is unaffected by measuring other qubits in the readout zone (error 
probability p ≈ 10−3; Methods). The FPGA performs real-time image processing, 
state decoding and feedforward (Fig. 4).
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1Q gates

FIG. 1. Experimental architecture. a, b, 171Yb atoms,
each giving a physical qubit in the ground-state nuclear spin,
can occupy tweezer traps within either a register array or
an interaction zone (IZ). Up to 8 pairs of atoms interact at
a time in the IZ, driven by two-qubit (2Q) gate lasers to
implement controlled-phase (CZ) gates. These lasers perform
coherent sequential excitation to a metastable clock state (3P0)
and the Rydberg state (653S1). Arbitrary single-qubit (1Q)
operations can be applied in parallel to the atoms within a
register row using Raman transitions detuned from the 3P1

manifold. Moving atoms between the zones enables arbitrary
2Q gate connectivity. c, Circuit-running sequence. Dissipative
operations (left column) are performed with atoms held in a
cavity-enhanced optical lattice. Three images (orange boxes)
allow us to determine initial occupancy of register sites, as well
as the final state and presence of atoms. Coherent operations
(right column) are performed with atoms held in tweezers.

59% fidelity using superconducting qubits [BXS+24]. A
20-qubit cat state with 54% fidelity, after adjusting for
measurement error, has been prepared on a neutral atom
system [OLK+19]. The 62+5

�6% fidelity of our 40-qubit cat
state is not adjusted for measurement errors.

Table I summarizes results with encoded cat states. A
cat state on 12 logical qubits has been prepared with 99.8%
fidelity [RAC+24], on a trapped-ion processor [MBA+23].
On a neutral atom system, Bluvstein et al. [BEG+24]
have prepared a four-qubit encoded cat state with fidelity
72(2)% using error correction, ranging to 99.85+0.1

�1.0% using
full error detection and with a lower acceptance rate. Our
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FIG. 2. Fidelity of prepared cat states versus qubit number n.
Red points give fidelities for trials with no lost atoms. Cat
states with up to 40 qubits exceed the entanglement threshold.
Gray points include trials in which all atoms are present
initially but atoms lost during the circuit are replaced by the
maximally mixed state, and black points include all trials.
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FIG. 3. Encoded 24-qubit cat state results. Shown is the error
for measurements in the X basis, the error for measurements
in the Z basis, and their sum, for three cases. The baseline is
an unencoded 24-qubit cat state, based on trials with no lost
atoms. For the encoded cat state data, in one case we reject
trials with a detected error, but try to correct for qubits lost
during the circuit. In the other case, we reject trials with any
lost qubit or detected error.

24-qubit encoded cat state is the largest published to
date.

The Bernstein-Vazirani algorithm for finding a se-
cret string is another benchmark for quantum proces-
sors [LGM+24]. It has been implemented with unen-
coded qubits on superconducting processors [RHK+20,
DH21, PL23], ion trap processors [FHM+16, DLF+16,
WBD+19], and both processor types [LMRM17,
MLM+19, BWM21, LJV+23], for various lengths of
the secret string, up to length 26 for superconducting
qubits [PL23] and up to length 20 for ion traps [LJV+23].
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Application: Quantum simulation of the structure of matter
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Application: Quantum simulation of the dynamics of matter
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FIG. 4. Simulations of inelastic particle production in one-dimensional Ising field theory. a) The energy density En throughout
the scattering process obtained with a MPS circuit simulator on a L = 256 lattice. b) Results from simulations of scattering
using L = 104 qubits of ibm marrakesh for a selection of times depicted in a). The wavepackets are initialized at t0 = 0 and
collide around t1 = 8.25. Outgoing particles begin to form at t2 = 16.5 and t3 = 24.75. The asymmetry of the energy density in
each “bump” signals the formation of the |2i particle produced in the inelastic process 11 ! 12. The y-axis range at each time
is di↵erent to clearly show the features of the energy density. The initial wavepacket parameters are k0 = 0.32⇡ and � = 0.13,
and each wavepacket is supported on d & 21 sites. A Trotter step size of �t = 1/16 is used to evolve the system in a) and
�t = 0.55 is used in b).

The energy density measured on ibm marrakesh is
shown for a selection of simulation times in Fig. 4b).
Two distinct wavepackets initialized at t0 = 0 propa-
gate toward each other and collide around t1 = 8.25.
Later simulation times probe the formation and evolu-
tion of the post-collision state. At t2 = 16.5 the outgoing
wavepackets begin to separate, and by t3 = 24.75 asymp-
totic particles begin to form. Up to t2 = 16.5, there is
good agreement between the energy density determined
from ibm marrakesh (data) and MPS (gray dashed line).
Significant systematic errors develop in the quantum data
at t3 = 24.75 due to the larger circuit volume. For t > t3,
the asymptotic |2i particle produced in the 11 ! 12 pro-
cess becomes identifiable as a separate “bump” in the
energy density that propagates at a lower velocity. Un-
fortunately, the cumulative e↵ects of noise made simula-
tions beyond t = 24.75 impossible on ibm marrakesh.

Despite the device noise, we observe evidence for the
inelastic production of the heavy |2i particle. After the
collision, the energy density of the outgoing particles on
each side of the collision becomes skewed toward the cen-
ter of the lattice. This is due to the presence of the |2i

particle in the wavefunction that travels slower, and is
absent for scattering below inelastic threshold, as shown
in Methods F. We compute the skewness, �, from the

third moment of the energy density of each region of
outgoing particles as described in Methods F. The left
column of Fig. 5 shows the energy density of the bumps
after the collision, and gives � obtained from both MPS
and ibm marrakesh. The quantum results of the post-
collision state at t2 are right-skewed (� > 0) and in agree-
ment with MPS. The right-skewness increases at t3 due
to the emergence of the heavy |2i particle. Some of this
skewness is due to systematic errors in the quantum data
that increase En between the outgoing particles. To iso-
late skewness due to inelastic e↵ects from systematic er-
rors, additional simulations of single wavepacket prop-
agation are performed. The energy density of a single
wavepacket at times t2 and t3 are shown in the right col-
umn of Fig. 5. The MPS simulations of single wavepacket
propagation still exhibit positive skewness due to bound-
ary e↵ects as discussed in Methods F. The skewness of
the post-collision state is 0.6� larger than the single-
particle state at t2, and 1� larger at t3. This provides
evidence that the post-collision skewness is, at least par-
tially, due to inelastic particle production.

The quantum resources used for these simulations are
detailed in Methods E. The latest simulation time cor-
responds to nT = 45 Trotter steps and requires 5,589
two-qubit gates with a two-qubit gate depth of 130. With
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Quantum Advantage: do something useful with a quantum computer!

LHC: Construction $5B, 


Detectors $15B


New accelerators ~$20B

HEP

$25B $18B

From  2024 data compiled by https:/
sites.arizona.edu/njardarson-lab/top200-posters/

Top 166 molecules are all over 
$1B in 2024 sales

Chemistry

$18B
DUNE neutrino expt.


Liquid Argon detectors.


$5B Phase I.

NP
Neutrino oscillation physics is 
entering a (nuclear) 
systematically-limited era

3

JUNO
DUNE


