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Abstract: | will present recent work [1] on preparation by measurement of Greenberger&ndash;Horne&ndash;Zeilinger (GHZ) states in ¢
guantum electrodynamics. In particular, for the 3-qubit case, when employing a nonlinear filter on the recorded homodyne signal the selecte
are found to exhibit values of the Bell&ndash;Mermin operator exceeding 2 under realistic conditions. | will discuss the potential of the disp:
readout to demonstrate a violation of the Mermin bound, and present a measurement scheme avoiding the necessity for full detector tomogre

[1] Lev S Bishop et al 2009 New J. Phys. 11 073040
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Outline
e Circuit QED

— Superconducting qubits
— Transmission Line Resonator as ‘quantum bus’

» Preparation by measurement

— Stochastic Master Equations
— Nonlinear filtering

» Entangled state detection

— Simplified detector tomography
— Relation to Bell tests
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Quantum coherence In electrical circuits

« Avoid dissipation
— Superconducting circuits
Circult elements:

Cooper pair box

R “ NEC Labs
~ Saclay
@ ‘I) ﬂ Yale
C Chalmers
\vs
—\_QQJ' > O $ MIT
UC Berkeley
| E 1-junction 3-junction UCSB
I 4 Az x flux qubit

fiux qubit NIST

fiu¢-biased U Maryland
\ phase qubit

SUNY
Delft

nonlinear, dissipationless
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From cavity QED to circuit QED

3d cavity QED ! 1d circuit QED

Laboratoire Kastier Brossel, ENS Schoelkopf Lab

atomic system photonic system

cavity QED alkali or Rydberg atom

3d optical or pwave cavity

circuit QED sc qubit 1d transmission-line resonator ~0.01-0.1

«Strong coupling, strongly dispersive regimes: easy with circuit QED
-Atom spatially fixed, no field inhomogeneity effects, etfc
-Drive strength easily tunable over a wide power range

Physics Is described by the Jaynes-Cummings Hamiltonian (in RWA):
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Strong coupling: vacuum Rabi splitting
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Strong coupling: vacuum Rabi splitting

2 1) 171)
Jaynes-Cummings Hamiltonian
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State preparation

Drive power [dB]

= 10r C 2dB
: -
S -
@ : \J,
= Q5 e
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S L
— 3 -
6.90 708
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One-qubit rotations

3 ns o gaussian

= 0 -
~ ® ©

0.55¢
0.52+ . -

Average Fidelity
[
o

0.5+ - ’ + +
0 20 40 60 80 100
Number of Computational Gates

Carefully-shaped microwave pulses | Error per computational gate = 1.1%
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Couphng <. Qublts Use a Circuit Element

a capacitor

| c | % e 1
a7 A ko T
] : entangled
Q . states!
g ’." Concurrence
E B 111" g " ~ 55%
Charge qubits: NEC 2003 Phase qubits: UCSB 2006
an inductor tunable (SQUID) element

e dX qubits: Delft 2007 Flux qubits: Berkeley 2006, NEC 2007
Or tunable bus. Chalmers



Qubits coupled with a quantum bus

use microwave photons guided on wires!

“Circuit QeD”
Blais et al., PRA (2004)
Strong Coupling=g>x .,y

“tfransmon”

‘entanglement bus,” qubits
7 GHz in qubits driver, and joint
detector
Bus Experiments: Maijer ef al_, Nature, 2007 (Charge qubits / Yale)
rsa: 09090002 Sillanpaa et al., Nature, 2007 (Phase qubits / NIST) rae 138

DhiCarlo ef al Nature 2009 (Charae aubits / Yala)
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A two-qubit processor

“entanglement bus”
driver, & detector

transmon
qubits

Koch et al_,
PRA 2007

Schreier et
al., PRB
2008
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Spectroscopy of qubits interacting with

3

-

Cavity-qubit interaction
Vacuum Rabi splitting

Wallraff et al., Nature (2004)

cavity
: ight qubit
./"—\\'jg
9.5- B
9.0
: Qubit-qubit swap interaction
8.5 | Majer et al., Nature (2007)
8.0- left qubit 3
.9
7.0 cavity .
651 14 _mt §
-1.0 0.0 1.0 2.0
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A two-qubit processor

driver, & detector

cavity: “entanglement bus,”

transmon
“ qubits

Koch et al,
PRA 2007

Schreier et
al.. PRB
2008
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Spectroscopy of qubits interacting with

-

Cavity-qubit interaction
Vacuum Rabi splitting

Wallraff et al., Nature (2004)

cavity
: ight qubit
Rt
9.5- %
9.0
Qubit-qubit swap interaction
8.5 | Maier et al., Nature (2007)
8.0- e
F 245
7.0 cavity o
651 14 _u4 |
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Dispersive regime

1 model is Tavis-Cummings Hamiltonian

alis . =
=wrala+ ) —2oi+) gi(ac] +alo}) o
] 7

J
resonator qubit resonator- qubit coupling

E=1

In the dispersive regime | g/j| /[wq j —wr| = [g;/A;] < 1
= T wq?J = XJ < 1 T Z
H.q = wra'a+ 5 o;+ Xja' ao;

with dispersive shift 7 [ 7 {

= 9
X = 9; /A
Lamb shift AC stark shift

Blais et al, Phys Rev A 69, 062320 (2004) ™"

WA allirat af =t NMatiire A1 16877 (9000 AN



Dispersive readout

Cavity frequency
pulled by qubits

Frequency
Page 19/88
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Dispersive readout

Cavity frequency
pulled by qubits

00000000



Cavity Pull is linear in spin polarizations

:% “ ?1'1> 110) 01) |00)

=

: | Aw =aoc; +bo,
=

AN AR

Freguency

Complex transmitted amplitude is non-linear in cavity pull:
K/2

—Ao+ix/2

=

a)dlive = a)cavity

General non-linear function of two spins:

et = B+ B 07+ B,0° + B, 0 @O




Joint Readout
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Vi ~

Joint Readout
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Ing an algorithm

Runn

Page 24/88

Real part of 2-
qubit density

matrix

— State tomography —

Grover algorithm

DiCarlo ef al., Nature 460, 240-244, (2009)
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Joint Readout
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Running an algorithm

» DiCarlo et al., Nature 460, 240-244, (2009)

a Grover algorithm — State tomography —
I'D) - H;fz — — H;EE i—' — H;.-ﬂ = fﬁi ;""JE—I E Jﬂ_ﬂ'it
b el O |aT==| cly |t g dispersive
I'D) - FF;IE — .n_;-. H?_"'e — — RFJ"Q — R%;"'E T = rm
e

» Real part of 2-

=\ . —— qubit density
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Ing an algorithm

Runn

Real part of 2-

~—qubit density

Measured (not
theory)

matrix

— Sitate tomography —
dispersive

DiCarlo ef al., Nature 460, 240-244  (2009)
Grover algorithm
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Ing an algorithm

Runn

DiCarlo ef al., Nature 460, 240-244, (2009)

— Sitate tomography —

Grover algorithm

Real part of 2-

. .— qubit density
80% algorithm

Measured (not
fidelity

matrix
theory)

Page 28/88
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Summary: Circuit QED building blocks

« Strong coupling to cavity bus gives...

» Protection from electromagnetic
continuum

» Excellent state preparation
* Very good one-qubit gates
« Good two-qubit gates

» Useable (ensemble averaged) joint
dispersive readout

Pirsa: 09090002



Outline
e Circuit QED

— Superconducting qubits
— Transmission Line Resonator as ‘quantum bus’

* Preparation by measurement

— Stochastic Master Equations
— Nonlinear filtering

« Entangled state detection

— Simplified detector tomography
— Relation to Bell tests
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GHZ state

e GHZ state [GHZ) = (|11 --- 1) + |11 --- 1))/V2

e (mostly focus on 3-qubit case today)

e GHZ useful as resource state for quantum information
e Also useful for Bell-type tests

e Can prepare by various means, we focus on preparation by measurement
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Preparation by measurement

e Initialize in the ground state ||| --- |)

e Do one-qubit rotations — product state

&) = (a1|i>1 +»‘31|T>1) o2 (a-_:_ru)g +:82[T)2) R ---

e Perform a projective measurement that cannot distinguish certain states

e (Post-)select for result indicating interesting (eg. entangled) state II;|¥)

Not a new idea:

Recently applied to circuit QED for making 2-qubit Bell states:
Hutchison et al, Can. J. Phys. 87, 225 (2009).

We stole this technology for the 3 qubit case

As did others:
e Helmer & Marquardt, Phys. Rev. A, 79, 052328 (2009% >



Dispersive read-out

Dispersive qubit-cavity coupling sk fr AN \\

Z Xj a ao-.} ; ._.-"IIJ"'.I r.'ll I-"f I".. I"'.I\L'-.I.

1

..1, - I.I_..-'..I. g "'j,-"rf --;“Ln\'\_. '.1‘\
. Z VI AN
leads to conditional resonator frequency | 7/ N

ansmissi ﬂ delds A =Y. x;0° [as |
E 1SS0 measurement yie i X O [m— S e
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Dispersive read-out

0 :r s e e f; R T e ———— rq
: I """"I,;""'.".
Dispersive qubit-cavity coupling M8 [ hx \\ -
! f / " _

v ] ac> "-5 ' gt ; ;, x,._“'._. A :
] -. ///) \

= E Vs AR
leads to conditional resonator frequency | 7 NN

a
&
%

ransmission measurement yields A =}, x;o7

—0.02 .01 0.00 0.01 0.02
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Dispersive read-out

T L P | — ¥ — L T L — —E

Dispersive qubit-cavity coupling X 11/ f'/-‘ W\ \
) z vk J'/ Ig“'!;’:_.—'; [ H |

X @' ao; : 177//8R\\\

Zj | 7//8\

leads to conditional resonator frequency

ransmission meaﬁurement}qelds;i:zjmgj i L S W s

Pirsa: 09090002 Page 35/88
Af ’



Dispersive read-out

- L L L L T r—— r r L - il T L p— L T

o ..]

I / f { f.
Dispersive qubit-cavity coupling sk / [/ / 1" o
E T p E.- -‘ll f ] '; 'l'l 1'- II'- L% Ih"n ..
Xj a | alo-‘jz £ : /J{?J II;.-' .III"-, II-.I '.IHI:"..II\I'.._. .{
J 4t 1111/ “}\“ } %
leads to conditional resonator frequency by -

%K

ransmission measurement yields A =}, x;o

Width set by noise &
integration time

0.01 0.02
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Preparation by measurement

. @ Generation ﬂ ﬂ

Zex & ¢
s [3iT47 /4]

e Dispersive measurement with y; : x2: x3=1:1:2
e Cannot distinguish [TT]) and |[[T)
o (|TTL) +|LLT))/V/2 is eigenstate of measurement operator
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GHZ Preparation protocol

e Initialize in the ground state ||| |)

e Do 7/2 rotations on each qubit

e Dispersive measurement with

1§
o

| ui;u:ub

1} u”h.
] |5

X1:X2:xza=1:1:2 E - : T X L %

e (Post-)select for result ‘0’ (probability 1/4)
[PGHZ) = (|111) +|111))/V2

e Do 7 rotation on 3rd bit to get to |GHZ)

e Scaling: need to distinguish 2N — 1 peaks, Paccept = 21
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Preparation by measurement

F . @8 Generation (\ n

i
i
I
. |
Lex 2z 4 &
s [3er2% /4]
e Dispersive measurement with y; : x2: x3 =1:1:2
e Cannot distinguish |[TT]) and ||[T)

o (ITTL) +1|L1T))/V2 is eigenstate of measurement operator
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GHZ Preparation protocol

e Initialize in the ground state ||| ])

e Do 7 /2 rotations on each qubit

e Dispersive measurement with

X1:Xza:xa=1:1:2

e (Post-)select for result ‘0’ (probability 1/4)
[PGHZ) = (I111) +|111))/V2

e Do 7 rotation on 3rd bit to get to |GHZ)

e Scaling: need to distinguish 2V — 1 peaks, Piccept = 21—N
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Effect of qubit decay

.04

0.02

Pis)

Q.02

a.01

1a 20 3e

R . £ 2 e 2 —30 —20 = o
Integrated Signal, s

Integrated signal s

«Optimal measurement time
(tradeoff measurement noise
against qubit decay)

- Threshold trades fidelity against
acceptance probability

Page 41/88
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Effect of qubit decay

.04

0.02
= Q.02

.07

% - -4 -2 a 2 4 8 8 . , — — I —
Integrated signal s ‘R = ——==
: = ZF

«Optimal measurement time
(tradeoff measurement noise s -

against qubit decay)

*Threshold trades fidelity against i
acceptance probability

—30 —2 —10 20 30

lntegra%ed Signai,rsﬂ

RF . Lt o e W % e .0
M = ojo35035 — 070505 — 070503 — 070503

P(ﬂﬁ%] J‘[|GHZ) = -’-1, Cl&SEiC&lI}r: {Jﬁ{> < 2 Page 42/88



Measurement model

_ (a) generation

A = xol + x03 + 2xo3 *
Homodyne signal —
= 2
I(t) = VTa ) (;07) +£(8) |
J i3
ith (E()E@)) =6(t—t' .
with (§(£)E(1")) = o( ) : K

Integrated current § — f {f dt’ J(t')

irsa: 09090002 Page 43/88



Effect of qubit decay

% -3 -4 -2 a 2 4 4 B
Integrated signal s

«Optimal measurement time
(tradeoff measurement noise
against qubit decay)

«Threshold trades fidelity against
acceptance probability

Yy __r Y

i - . . i B
M =oio505 — 0,005 — 070505 — O

(G1Z| M|GHZ) = 4, classically: (M) < 2

Pis)

.04

0.02

a.02

007 |

G i

-30 ~20 -10 20 30

lntegra%ed Signai,rg

x . Y
19203
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Measurement model

_, ) 42 (a) generation

A = xol + xo2 + 2x0? s

Homodyne signal —~ I

=2

J(t) = VTa ) (8;05) +£(E) |

J L -

with AEEY = 5t — [LLL) ¥
Eogen =se—v) | UK 4
egeaed curene s = [t J(¢) s

irsa: 09090002 Page 45/88



Dissipation model

tochastic master equation for slaved cavity

ps = Z(”flj +7p5)Plo; lp + —'D[Zé oilp + VT al(t)M [Z 9505 1pJ

qubit relaxation measurement- measurement
induced dephasing innovatiorn
— Mlclps = (e —(e))p1/2+ pi(c —{c})/2 .
3 0; = Xj/X
4 D{Alp = ApA' — {ATA, p}/2 X=3,%/N

Measurement rate Fci == n]_"m = 64?'})22|E|2FE—3 and Fd — Fci/2

— Hutchison ef al, Can. J. Phys. 87, 225 (20655’




Dissipation model

tochastic master equation for slaved cavity

. = r S =
pr=Y (1 +71i)Plejlo+ ?df’[z 5;0%]p+ VTal@)MDY 6;0%]ps
j t J J

qubit relaxation measurement- measurement
induced dephasing innovation
= Miclps = (e —(e))ps1/2+ ps(c— (c})/2 .
. . 05 = Xi/X
a DlAlp|= ApAT — {A'A, p}/2 x=3,%/N
Measurement rate Fci - n]_"m = 647})22 |€‘2f€_3 and Fd — FCE/Q

ignores cross terms in Djo; + 0, + 03]

= Hutchison ef al, Can. J. Phys. 87, 225 (20697’
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Nonlinear filter

*Two traces each with mean
~(

Much more information in
measurement trace than

) 5 10 15 200 5 10 15 20

just its mean time time
Nonlinear filter uses whole st | ]
measurement trace, along e SNR=9

with system model, to
estimate the state

*3-qubit GHZ state is
feasible this way
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Simulations

0.04
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Nonlinear filter

*Two traces each with mean
~(

Much more information in
measurement trace than

; : 0 5 10 15 200 5 10 15 70
Just its mean time time
Nonlinear filter uses whole 45 ]
measurement trace, along 35 --==——5NR=9

with system model, to
estimate the state

*3-qubit GHZ state is
feasible this way

1 1 [} [}
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Simulations

0.04

0.03

Pis)

02

oo

<M>
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Nonlinear filter

*Two traces each with mean
~0

Much more information in
measurement trace than

] ; 0 5 10 is 200 5 10 15 20
Just its mean time time
*Nonlinear filter uses whole 4t | ]
measurement trace, along o ----——SNR=9

with system model, to
estimate the state

*3-qubit GHZ state is
feasible this way
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Sumary of preparation by
measurement

« Much more information in a measurement trace
than just the mean
* Preparation of GHZ by measurement should be
possible with today’'s SNRs
— Via nonlinear filter
* Assumptions:

— Sufficient granularity on measurement trace
— Know the system parameters sufficiently well

Pirsa: 09090002



Nonlinear filter

*Two traces each with mean
~0

Much more information in
measurement trace than

: i 0 5 10 15 200 5 10 i5 20
Just Iits mean time time
Nonlinear filter uses whole 45 | ]
measurement trace, along e SNR=9

S

with system model, to
estimate the state

*3-qubit GHZ state is
feasible this way
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Sumary of preparation by
measurement

 Much more information in a measurement trace
than just the mean

* Preparation of GHZ by measurement should be
possible with today’'s SNRs
— Via nonlinear filter

* Assumptions:

— Sufficient granularity on measurement trace
— Know the system parameters sufficiently well
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Outline
e Circuit QED

— Superconducting qubits
— Transmission Line Resonator as ‘quantum bus’

» Preparation by measurement

— Stochastic Master Equations
— Nonlinear filtering

« Entangled state detection

— Simplified detector tomography
— Relation to Bell tests
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Simulations
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Sumary of preparation by
measurement

 Much more information in a measurement trace
than just the mean

* Preparation of GHZ by measurement should be
possible with today’'s SNRs
— Via nonlinear filter

* Assumptions:

— Sufficient granularity on measurement trace
— Know the system parameters sufficiently well
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Outline
e Circuit QED

— Superconducting qubits
— Transmission Line Resonator as ‘quantum bus’

» Preparation by measurement

— Stochastic Master Equations
— Nonlinear filtering

« Entangled state detection

— Simplified detector tomography
— Relation to Bell tests
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Mermin operator

e Mermin operator wm =o%o2ot —otolol —o¥oic? —o¥olod
« GHZ state is simultaneous eigenstate of these
parity operators

» |deally measure all the parities one after the other
using a QND measurement

« Construct sisi0; and then use single-qubit rotations
to generate the others

* Non-QND doesn'’t stop us measuring (M)

Pirsa: 09090002



Parity measurement

Mermin operator M = g‘fggg'g — Jfa'go'g — J?Jgag - O‘?O‘%O‘%

S a

- (b) detection

Step 1: Use single-qubit rotations 6 3

Step 2: Choose A= Zj O‘? =
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Parity measurement

Mermin operator M = g;fg“%g'g — Jfa'fga'g — O"?O'%O'g — O'%O'g{)'%:

-

- (b) detection
Step 1: Use single-qubit rotations 6 E
L
SepZChoose A=Y .07 =
P -3 H._; 3;
2
Step 3: Infer the parity Hj U;T' ; - \/
o A
-6 -4 -2 0 2 4 6
= s [T
This choice reduces the
number of peaks from Due to qubit relaxation there are false positive and
oo ¢ N 4+ 1 i false negatives so that we need detector tomoggaphy.




Measurement vs Preparation

» For preparation by measurement, don't
care exactly what is measured

— All that matters is the resulting ensemble

« For verifying the state, we certainly do
care
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The up up up trlck

Idea: Decay into I 'ﬂ‘ > ‘ TT >

is negligible.
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The up up up trlck

Idea: Decay mto | 'ﬂ“ > ] TT >

is negligible.

POVM for “Isthesignalin E1 = a | ) (1]
the right-most peak?” is: =1 K with @ = P’| ) (S - b")
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The up-up-up trick
Idea: Decayimto |f}) = [T ---T)

is negligible.

POVM for “Isthe signalin  E1 = a|{}) (1]
the right-most peak?” is: 70 F with @ = P'| ) (5 > V)
Use more single-qubit rotations to determine each parity:
fazz =(B) — {01 Boy) — (03 Boz) — (03 Bo3)
+ (6303 Bos03) + (6103 Bo{o3) + (6703 Bo1o3)
— (010303 Bojoy03) = a(0{0503)
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The up-up-up trick —
Idea: Decay mnto |‘ﬂ“> — ITT .. T) _

is negligible.

POVM for “Isthesignalin E1 = a | 1) (1]
the right-most peak?” is: B=1—F with Q@ = ID| ) (5 > y)
Use more single-qubit rotations to determine each parity:
fzzz =(B) — (01 Boy) — (03 Baz) — (05 Bog)
+ (0303 Bayo3) + (0103 Bojoz) + (0103 Bojos)
— (010303 Bojos03) = a(010503)

F = frza _'f:ryy_'fyry_fyy:r = C!:{ﬂ/[) thus (M) = F/fi]tf
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The up-up-up trick
Idea: Decayimto [f}) = [T ---T) ‘-:;zl';

is negligible.

POVM for “Isthe signalin ~ E7 = a | 1) (1]

the right-most peak?” is: BE—1F with @ = _P1 3 (S = I/)

Use more single-qubit rotations to determine each parity:
fzzz =(B) — (01 Boy) — (03 Ba3) — (o3 Bog)
+ (03203 Bayo3) + (0103 Bojos) + {0103 Boyo3)

— (010303 Bojoy03) = a(0{0503)

F:f;pxm—f:ryy—fymy_fyy:r — le<ﬂ/[> thus <ﬂr[> — F/C!i

One parameter characterizes the measurement
Alternatively, we get lower bound on (M)
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