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B Stochastic error
9% || e— Infidelity on target qubit[s]
o--- Total infidelity on both qubits
8%
Entangling Hamiltonian
on 1-qubit gates
7% /I \\
6%
/ d
5%
4%
3% s
A B B I R G
1%
1
0% Q1 Q2 Q
[\
—2 1Y i
>4t'< | | W/Q
| | | | T
X%(X)]l Y%@)]l 11®X% ]l@Y% ]l@Y% cz T
C
On-target Intrinsic |Relational
Average Generator Infidelity Stochastic| Coherent | Coherent Total Error
Gate [Gate Fidelity| On Q1 OnQ2 TOTAL Error Error Error OnQ1 OnQ2 TOTAL
XUl 99.87(2)% [0.17(3)% | 0.47(5)% | 0.68(6)%]|| 0.60(6)% |0.34(14)%| 2.8(3)% |[2.0(3)%|0.71(15)%)3.4(3)%
Yz 21l 99.95(2)% [0.07(3)% [0.61(6)% | 0.75(6)%|| 0.67(6)% | 0.9(3)% | 2.6(3)% |[1.0(2)%| 1.2(4)% |3.4(3)%
1oXz Il 99.48(3)% [2.14(5)% | 0.69(4)% | 2.86(7)%]| 2.69(6)% | 3.6(3)% | 2.2(3)% [15.0(3)%]|3.05(17)%]|6.9(3)%
1Yzl 99.41(5)% [2.63(8)% | 0.79(6)% |3.44(10)%]| 3.36(10)% | 2.3(4)% 1.9(4)% [|4.1(6)%| 2.6(2)% [6.3(5)%
1Yzl 99.49(5)% |2.60(13)%| 0.68(7)% [3.54(16)%]|| 3.18(15)% | 3.1(4)% | 5.1(5)% [14.2(7)%]| 3.2(3)% [9.1(5)%
CZ| 99.37(11)% [0.11(10)%]0.66(11)%|0.79(14)%|| 0.54(13)% [ 4.9(3)% | 0.7(3)% ||3.2(4)%| 4.1(3)% |5.5(4)%
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Gate Process Matrix Error Generator
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R. Blume-Kohout et al, A taxonomy of small Markovian errors.
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Elementary errors are a useful basis Classity 2Q elementary errors

for (arbitrary) error generators by their vector and support
. . : Example effect C '
Sector Dimension Action xample effec (c) Error geneaor (by sector, |ht, and support)
| _(Bloch sphere) Tl IR, non-TP
Qubit 1
Hamiltonian H
Qubit 2
Stochastic S
(Paulr)
___________________________________________________________________________________________________________________________________________________________________________________________________________________________________ weight-2
Stochastic {pq}=0 .
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R. Blume-Kohout et al, A taxonomy of small Markovian errors. arXiv preprint:2103.01928 (March 2021)
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A subset of elementary error generators
defines a reduced model for noisy gates.

We used model selection to 1dentity the smallest model that fit the data well.
[t only contained (1) local stochastic and (2) local and ZZ Hamiltoman errors.

Reduced Models

—

CPTP H+S H+ S1 H1 + S1 + ZZ** H1 + S1
Parameters: 1263 Parameters: 213 Parameters: 174 Parameters: 141 Parameters: 129
Model violation: 8791 Model violation: 9965 Model violation: 10,074 Model violation: 10,186 Model violation: 10,983
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Coethcients of that model yield

error rates for each of the 6 gates.
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Coefficients of that model yield But some errors are actually relational between
error rates for each of the 6 gates. two gates. We separated relational errors from
intrindic errors associated with a unique gate.
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Our final error budget 1dentifies:
- every error'’s rate (w/error bars)

Q1 Q2

> inhidelity

> total (worst-case) error

, ° °
- each error’s contribution to:

- contributions from each vector

- contributions on each gubit

Intrinsic | Relational
Infidelity Stochastic | Coherent | Coherent Total Error
Gate (Q1) (Q2) TOTAL Error Error Error (Q1) (Q2) TOTAL
Gxil|0.17(3)% | 0.47(5)% | 0.68(6)%]| 0.60(6)% |0.34(14)% | 2.8(3)% |[[2.0(3)%| 0.71(15)% |3.4(3)%
Gvyil|0.07(3)% | 0.61(6)% | 0.75(6)%]| 0.67(6)% | 0.9(3)% 2.6(3)% [[1.0(2)%| 1.2(4)% |3.4(3)%
Gix||2.14(5)% | 0.69(4)% | 2.86(7)%| 2.69(6)% | 3.6(3)% 2.3(3)% [[5.0(3)%] 3.05(17)% [6.9(3)%
Giy||2.63(8)% | 0.79(6)% (3.44(10)%| 3.36(10)% | 2.3(4)% [ 1.9(4)% |14.1(6)%| 2.6(2)% |6.3(5)%
Gimy|2.60(13)%| 0.68(7)% |3.54(16)%|| 3.18(15)% | 3.1(4)% 5.1(5)% [|4.2(7)%]| 3.2(3)% [9.1(5)%
Gcz||0.11(10)%| 0.66(11)% (0.79(14)%|| 0.54(13)% | 4.9(3)% 0.7(3)% |13.2(4)%| 4.1(3)% |5.5(4)%
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Conclusions

A custom 2-qubit GST experiment (Just 15692 circuits & 600K shots),

combined with a cutting-edge analysis using error generators,

- a complete predictive model (process matrices) with sub-10-3 error bars,
- and simple measures of infidelity and worst-case error for each gate...

- ...that can be tracked and divided all the way down to individual errors.

2

This 1s what Complete understanding of a system'’s Markowvian errors looks like.

L= o

Outstanding challenges: non-Markowian errors, and systems of 3+ qubits.




