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Main obstacle towards quantum computers:  
errors & losses

Examples

quantum state

2. Losses

Inaccessible qubits 

This talk

Coupling to the environment causes decoherence
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Topological quantum error correction 
with the toric code



•Qubits         on the links / bonds 
   of a 2D square lattice 

Sx = XXXX
<latexit sha1_base64="hAQT93dyN8t+5UhzMLUleEgFYZ4=">AAAB6HicbVDLSsNAFL2pr1pfVZduBovgqiRV0I1ScOOyon1gG8pkelPHTiYhMxFL6D+4EMSFLvwbP8G/cdpmYVsPXDicc++dOdeLBFfatn+s3NLyyupafr2wsbm1vVPc3WuoMIkZ1lkowrjlUYWCS6xrrgW2ohhp4AlseoOrsd98wljxUN7pYYRuQPuS+5xRbaT72+4zuSAtg26xZJftCcgicTJSggy1bvG70wtZEqDUTFCl2o4daTelseZM4KjQSRRGlA1oH9uGShqgctPJj0fkyCg94oexKanJRP07kdJAqWHgmc6A6gc1743F/7x2ov1zN+UySjRKNn3ITwTRIRnHJzOLvJgOUI8KJrszn3SRNCpl56RcuTktVS+zK+ThAA7hGBw4gypcQw3qwEDCK3zAp/VovVhv1vu0NWdlM/swA+vrF+2LjDM=</latexit>

Sz = ZZZZ
<latexit sha1_base64="N8cbL6Yck/pSToeuVHXLrz8vySI=">AAAB6HicbVDLSsNAFL3xWeur6tLNYBFclaQKulEKblxWtA/ahjKZ3tSxM5OQmQg19B9cCOJCF/6Nn+DfmLZZ2NYDFw7n3HtnzvVCwbWx7R9raXlldW09t5Hf3Nre2S3s7dd1EEcMaywQQdT0qEbBFdYMNwKbYYRUegIb3uB67DeeMNI8UPdmGKIraV9xnzNqUql1130ml6SVolso2iV7ArJInIwUIUO1W/ju9AIWS1SGCap127FD4yY0MpwJHOU7scaQsgHtYzulikrUbjL58Ygcp0qP+EGUljJkov6dSKjUeii9tFNS86DnvbH4n9eOjX/hJlyFsUHFpg/5sSAmIOP4ZGaRF9EBmlE+ze7MJ10k9XLJOS2Vb8+KlavsCjk4hCM4AQfOoQI3UIUaMFDwCh/waT1aL9ab9T5tXbKymQOYgfX1C/xzjD0=</latexit>

|0�

|1�

� �

#"���������+����������� ��%

�/������������
�
�������B����"��B����"7���
��	�	
����C.D�

����������

"����	��

�5���$�����	�����
	�����
�������	������
����
���
$�������
����������������	�

�5������=���
�����
�����������
�����"����	�����������������

����
��	�������������=���"�
����
�����������������������
���
���8���������������������$�����	��������
���

�E
��������������
	��������������
���
�����+"'��������(��-
����

?����� ��@���$-����������(����

C.D�)��F���B����"�������������������A�A��2++3�

�������������
������������=����>�,�����
�������
���������
����
���	������6	�����������
�����,�����
�����
�8������������	��������������
��
������������
��

Kitaev’s toric code

• X type error will anticommute with the Z-type stabilizers

X
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• Z type error will anticommute with the X-type stabilizers

•2 types of stabilisers
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group

}
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Z̄1

Z̄1

Logical operators = strings that
percolate through the lattice and

change the logical state in the code space

Sz

Sx

X̄1
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code space

X̄1

Logical operators 

must act non trivially within the 
code space

Logical qubits
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Motivation:	
Losses	and	leakage	can	damage	the	performance	of	(topological)	QEC	codes	

Challenges:	
•  Find	protocols	to	deal	with	qubit	loss	
•  Understand	robustness	of	codes	used	
•  Develop	and	experimentally	test	

in-situ	leakage	loss	detection	and	
correction	protocols	

Different	incarnations	of	qubit	loss:	

Electronic		
population	
leakage	

Particle	
loss	

Imperfect	
spectroscopic	
decoupling	
(‘hiding’)	

Qubit losses

Photons
C.-Y. Lu, W.-B. Gao, J. Zhang, X.-
Q. Zhou, T. Yang, and J.-W. Pan, 
PNAS 105, (2008).

T. Stace, S. Barrett, A. Doherty 
PRL 102, (2009); PRA 81, (2010)

Theory

DV, D. Amaro, M.A. Martin-Delgado, M. Müller
PRL 121, (2018)

Grassl M, Beth T, Pellizari T PRA 56 (1997)

1

0
qubit

Electronic

population

leakage



T. Stace, S. Barrett, A. Doherty, PRL 102 (2009)
T. Stace, S. Barrett, PRA 81 (2010)

Redefine the plaquette/vertex 
and the logical operators

loss

A B

The loss a#ects

two Z-stabilisers

two X-stabilisers

C

D

2 plaquettes

A B
1 superplaquette

AB

D Doriginal vertices reduced vertices

Qubit losses in the toric code

ZZZZ
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Goal



The threshold for losses is given by 

the bond percolation threshold

no percolating path no logical operator

Qubit losses in the toric code

(square lattice)
pc = 1/2 qubit loss 

probability p0

loss threshold
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Goals

•Provide a toolbox for correcting losses in generic quantum codes

Detect if the loss has happened

Decide if correcting or not the code

•Devise the smallest example in a trapped ion setup

R Stricker, DV, A Erhard, L Postler, M Meth,  
M Ringbauer, P Schindler, T Monz, M Müller, R Blatt 

Experimental deterministic correction of qubit loss, Nature 585, 207 (2020)

Qubit Loss Error Correction: Experiment

https://www.nature.com/articles/s41586-020-2667-0


SZ
1 = Z1Z2 SZ

2 = Z1Z3

SX
1 = X1X2X3X4

TZ = Z1Z4 TX = X4

3 stabilisers

Logical
operators

4 qubits

Qubit loss correction with four qubits

~ toric code

Loss

3 qubits

2 stabilisers

S̃Z
1 = SZ

1 S
Z
2 = Z2Z3

undeterminedS̃X
1 = X2X3X4
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T̃Z = TZSZ
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T̃X = TX = X4

code-switching

Code space
SZ
1 | Li = + | Li
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Experimental qubit loss detection and correction: 
The whole picture
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QND loss
detection
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Experimental qubit loss detection and correction: 
The whole picture
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2 - Qubit loss event

Encoding

QND loss detection

Code reconstruction 

loss case

Induce 
loss

1

Coherent rotation

Encoding

QND loss
detection
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Tunable loss from |0i
0-100 % loss probability

R(�)

<latexit sha1_base64="IjDLFCkFut6iHl3FaOOrbdJZo4I="></latexit>

pL ⇠ sin2(�/2)

<latexit sha1_base64="5+zZlkVICKYybyPKw8dwMck8mlQ=">AAABx3icbU/LSsNAFL2pr1pfUXHlJliEuqlJKYi7ohsFFxXsA5oaJtPbduhMJmSmxRK68DtcudUv8m+c1iy09cCFw3nAuWHMmdKu+2Xl1tY3Nrfy24Wd3b39A/vwqKnkOKHYoJLLpB0ShZxF2NBMc2zHCRIRcmyFo9u535pgopiMnvQ0xq4gg4j1GSXaSIF9EgcPvmLCXPRcKfnxkF1WLgK76JbdBZxV4mWkCBnqgf3m9yQdC4w05USpjufGupuSRDPKcVbwxwpjQkdkgB1DIyJQddPF/JlzbpSe05eJuUg7C/V3IyVCqakITVIQPVTL3lz81wsTMkI9M994y9tXSbNS9qrl68dqsXaT/ZWHUziDEnhwBTW4gzo0gEIK7/ABn9a9Ja2J9fITzVlZ5xj+wHr9BnWDfwQ=</latexit>



3 - QND qubit loss detection
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<latexit sha1_base64="Hnq+y2+zbGfbsLrmmAzRcIfDEPU=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjy2YGuhDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMb2f+wxMqzWN5byYJ+hEdSh5yRo2Vmp1+ueJW3TnIKvFyUoEcjX75qzeIWRqhNExQrbuemxg/o8pwJnBa6qUaE8rGdIhdSyWNUPvZ/NApObPKgISxsiUNmau/JzIaaT2JAtsZUTPSy95M/M/rpia88jMuk9SgZItFYSqIicnsazLgCpkRE0soU9zeStiIKsqMzaZkQ/CWX14l7YuqV6teN2uV+k0eRxFO4BTOwYNLqMMdNKAFDBCe4RXenEfnxXl3PhatBSefOYY/cD5/ALmZjOg=</latexit>
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<latexit sha1_base64="Dv2hyt/C6wMmGXWTQ3qyz0dTv2o=">AAACAnicbVDLSsNAFL2pr1pfUZduhhbBVclUQVdScOOygn1AE8pkOqlDJ5OYmQglZOfCb3EhiAtd+AN+gn9jmga0rQfu5XDOvTOc64aCK21Z30ZpZXVtfaO8Wdna3tndM/cPOiqII8raNBBB1HOJYoJL1tZcC9YLI0Z8V7CuO76a+t0HFikeyFs9CZnjk5HkHqdEZ9LArNpjphPLShGy72My/G0odzBOB2bNqls50DLBBalBgdbA/LKHAY19JjUVRKk+tkLtJCTSnAqWVuxYsZDQMRmxfkYl8ZlykjxLio4zZYi8IMpKapSrfzcS4is18d1s0if6Ti16U/E/rx9r78JJuAxjzSSdfeTFAukATQ+D5h5yI5KlTytZdryYdJl0GnV8Wm/cnNWal8UVynAEVTgBDOfQhGtoQRsoPMELvMOH8Wg8G6/G22y0ZBQ7hzAH4/MHfqqWtA==</latexit>

|11i |00i
<latexit sha1_base64="4BWdG7i/8BgwxiIKP727GhlZFbc=">AAACAnicbVDLSsNAFL2pr1pfUZduhhbBVclUQVdScOOygn1AE8pkOqlDJ5OYmQglZOfCb3EhiAtd+AN+gn9jmga0rQfu5XDOvTOc64aCK21Z30ZpZXVtfaO8Wdna3tndM/cPOiqII8raNBBB1HOJYoJL1tZcC9YLI0Z8V7CuO76a+t0HFikeyFs9CZnjk5HkHqdEZ9LArNpjphOMU4Ts+5gMfxvKHctKB2bNqls50DLBBalBgdbA/LKHAY19JjUVRKk+tkLtJCTSnAqWVuxYsZDQMRmxfkYl8ZlykjxLio4zZYi8IMpKapSrfzcS4is18d1s0if6Ti16U/E/rx9r78JJuAxjzSSdfeTFAukATQ+D5h5yI5KlTytZdryYdJl0GnV8Wm/cnNWal8UVynAEVTgBDOfQhGtoQRsoPMELvMOH8Wg8G6/G22y0ZBQ7hzAH4/MHft6WtA==</latexit>

MSX(⇡)

<latexit sha1_base64="UFj40+Gzns2UK2+AJd0i/jjUggY=">AAAB+XicbVBNS8NAEN34WetX1KOXxSLUS0mkoN6KXrwIFe0HNKFstpt26WYTdifFEvpPvHhQxKv/xJv/xm2bg7Y+GHi8N8PMvCARXIPjfFsrq2vrG5uFreL2zu7evn1w2NRxqihr0FjEqh0QzQSXrAEcBGsnipEoEKwVDG+mfmvElOaxfIRxwvyI9CUPOSVgpK5te8CeILt7mHTbZS/hZ1275FScGfAycXNSQjnqXfvL68U0jZgEKojWHddJwM+IAk4FmxS9VLOE0CHps46hkkRM+9ns8gk+NUoPh7EyJQHP1N8TGYm0HkeB6YwIDPSiNxX/8zophJd+xmWSApN0vihMBYYYT2PAPa4YBTE2hFDFza2YDogiFExYRROCu/jyMmmeV9xq5eq+Wqpd53EU0DE6QWXkogtUQ7eojhqIohF6Rq/ozcqsF+vd+pi3rlj5zBH6A+vzBw+1k00=</latexit>

X

<latexit sha1_base64="Hnq+y2+zbGfbsLrmmAzRcIfDEPU=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjy2YGuhDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMb2f+wxMqzWN5byYJ+hEdSh5yRo2Vmp1+ueJW3TnIKvFyUoEcjX75qzeIWRqhNExQrbuemxg/o8pwJnBa6qUaE8rGdIhdSyWNUPvZ/NApObPKgISxsiUNmau/JzIaaT2JAtsZUTPSy95M/M/rpia88jMuk9SgZItFYSqIicnsazLgCpkRE0soU9zeStiIKsqMzaZkQ/CWX14l7YuqV6teN2uV+k0eRxFO4BTOwYNLqMMdNKAFDBCe4RXenEfnxXl3PhatBSefOYY/cD5/ALmZjOg=</latexit>

X

<latexit sha1_base64="Hnq+y2+zbGfbsLrmmAzRcIfDEPU=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjy2YGuhDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMb2f+wxMqzWN5byYJ+hEdSh5yRo2Vmp1+ueJW3TnIKvFyUoEcjX75qzeIWRqhNExQrbuemxg/o8pwJnBa6qUaE8rGdIhdSyWNUPvZ/NApObPKgISxsiUNmau/JzIaaT2JAtsZUTPSy95M/M/rpia88jMuk9SgZItFYSqIicnsazLgCpkRE0soU9zeStiIKsqMzaZkQ/CWX14l7YuqV6teN2uV+k0eRxFO4BTOwYNLqMMdNKAFDBCe4RXenEfnxXl3PhatBSefOYY/cD5/ALmZjOg=</latexit>

X

<latexit sha1_base64="Hnq+y2+zbGfbsLrmmAzRcIfDEPU=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjy2YGuhDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMb2f+wxMqzWN5byYJ+hEdSh5yRo2Vmp1+ueJW3TnIKvFyUoEcjX75qzeIWRqhNExQrbuemxg/o8pwJnBa6qUaE8rGdIhdSyWNUPvZ/NApObPKgISxsiUNmau/JzIaaT2JAtsZUTPSy95M/M/rpia88jMuk9SgZItFYSqIicnsazLgCpkRE0soU9zeStiIKsqMzaZkQ/CWX14l7YuqV6teN2uV+k0eRxFO4BTOwYNLqMMdNKAFDBCe4RXenEfnxXl3PhatBSefOYY/cD5/ALmZjOg=</latexit>

X

<latexit sha1_base64="Hnq+y2+zbGfbsLrmmAzRcIfDEPU=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjy2YGuhDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMb2f+wxMqzWN5byYJ+hEdSh5yRo2Vmp1+ueJW3TnIKvFyUoEcjX75qzeIWRqhNExQrbuemxg/o8pwJnBa6qUaE8rGdIhdSyWNUPvZ/NApObPKgISxsiUNmau/JzIaaT2JAtsZUTPSy95M/M/rpia88jMuk9SgZItFYSqIicnsazLgCpkRE0soU9zeStiIKsqMzaZkQ/CWX14l7YuqV6teN2uV+k0eRxFO4BTOwYNLqMMdNKAFDBCe4RXenEfnxXl3PhatBSefOYY/cD5/ALmZjOg=</latexit>

X

<latexit sha1_base64="Hnq+y2+zbGfbsLrmmAzRcIfDEPU=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjy2YGuhDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMb2f+wxMqzWN5byYJ+hEdSh5yRo2Vmp1+ueJW3TnIKvFyUoEcjX75qzeIWRqhNExQrbuemxg/o8pwJnBa6qUaE8rGdIhdSyWNUPvZ/NApObPKgISxsiUNmau/JzIaaT2JAtsZUTPSy95M/M/rpia88jMuk9SgZItFYSqIicnsazLgCpkRE0soU9zeStiIKsqMzaZkQ/CWX14l7YuqV6teN2uV+k0eRxFO4BTOwYNLqMMdNKAFDBCe4RXenEfnxXl3PhatBSefOYY/cD5/ALmZjOg=</latexit>

X

<latexit sha1_base64="Hnq+y2+zbGfbsLrmmAzRcIfDEPU=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjy2YGuhDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMb2f+wxMqzWN5byYJ+hEdSh5yRo2Vmp1+ueJW3TnIKvFyUoEcjX75qzeIWRqhNExQrbuemxg/o8pwJnBa6qUaE8rGdIhdSyWNUPvZ/NApObPKgISxsiUNmau/JzIaaT2JAtsZUTPSy95M/M/rpia88jMuk9SgZItFYSqIicnsazLgCpkRE0soU9zeStiIKsqMzaZkQ/CWX14l7YuqV6teN2uV+k0eRxFO4BTOwYNLqMMdNKAFDBCe4RXenEfnxXl3PhatBSefOYY/cD5/ALmZjOg=</latexit>

X

<latexit sha1_base64="Hnq+y2+zbGfbsLrmmAzRcIfDEPU=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjy2YGuhDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMb2f+wxMqzWN5byYJ+hEdSh5yRo2Vmp1+ueJW3TnIKvFyUoEcjX75qzeIWRqhNExQrbuemxg/o8pwJnBa6qUaE8rGdIhdSyWNUPvZ/NApObPKgISxsiUNmau/JzIaaT2JAtsZUTPSy95M/M/rpia88jMuk9SgZItFYSqIicnsazLgCpkRE0soU9zeStiIKsqMzaZkQ/CWX14l7YuqV6teN2uV+k0eRxFO4BTOwYNLqMMdNKAFDBCe4RXenEfnxXl3PhatBSefOYY/cD5/ALmZjOg=</latexit>
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Experimental data

For the other logical states
R Stricker et al, Nature 585 207 (2020)



Conclusions

Quantum error correcting codes can be realised in topological systems

1 

4 

Experimental schemes for detecting and correcting losses can be 
developed 

|0�

|1�

R Stricker, DV, A Erhard, L Postler, M Meth,  
M Ringbauer, P Schindler, T Monz, M Müller, R Blatt 

Experimental deterministic correction of qubit loss, Nature 585, 207 (2020)

Losses can a#ect quantum computers but can be cured with success
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Where this work has started…


