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We examine the N -partite quaternion and octonion dichotomic Bell inequalities derived by Vogel and Shchukin
utilizing the square identities of Euler and Degen, which apply to experiments with M settings at each spatially
separated site. We reveal these inequalities to be violated by the Greenberger-Horne-Zeilinger state, for N > 3
and 2 < M < 8. Violations are robust with respect to loss, the threshold detection efficiency being 1 > 27! for
all M, implying violations for efficiencies as low as n ~ 50% at each site, as N — oo.
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I. INTRODUCTION

Bell derived his famous inequalities as a way to distinguish
the predictions of quantum mechanics from those of local
hidden variable (LHV) theories [1,2]. Bell’s original work
examined two spatially separated spin-1/2 (qubit) systems.
Experiments have supported quantum mechanics, which pre-
dicts a violation of the Bell inequality, thus falsifying all
LHYV theories [3-5]. Work on Bell nonlocality for multipartite
systems (sites) began with the analyses of Svetlichny [6] and
Greenberger, Horne, and Zeilinger (GHZ) [ 7]. Mermin showed
that the degree of violation increased exponentially with the
number of sites, N [8]. This result translated to a surprising
robustness to loss and noise for larger N [9]. Experiments
have realized N-partite GHZ states for N ~ 6-8 [10,11] and
investigated their nonlocal properties for N ~ 3 [12].

Studies of Bell nonlocality to date have been mainly
restricted to experiments with two measurement settings at
each site [2,13,14]. Relatively little is known about Bell
nonlocality for experiments with multiple measurement set-
tings. Yet, multisetting experiments, first studied by Gisin
and Collins [15,16], could have an important application
to quantum information tasks. For example, quantum key
distribution protocols depend on implementation of random
independent switching between measurement settings at the
relevant sites. Random switching between more measurement
settings could increase security in some cases, by making it
more difficult for Eve to gain correct knowledge of measure-
ment choices. Also important is that for some applications
such as device-independent cryptography, one may require
rigorous violation of the relevant Bell inequality [17]. This
is also essential for the rigorous falsification of all LHV
theories [18,19]. Work by Brunner et al. [20] and Pal et al. [21]
reveal multisetting Bell inequalities to be promising for this
purpose.

Recent experiments have violated a Bell inequality without
detection of fair sampling assumptions, using two measure-
ment settings and detectors with efficiencies of n ~ 75% [19].
This violation was obtained using a nonmaximally entangled
state [22,23]. Examination of LHV models gives a lower bound
on the efficiencies n required for violations of M -setting Bell
inequalities as (at least) n > 1/M [24-27], suggesting it may
be possible to rigorously violate a Bell inequality at low
efficiencies by using more than two settings. In fact, three-
setting inequalities have been proposed for the two-site case,
to allow a loophole-free violation with 43% at one detector
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(for the nonmaximally entangled state) [20,28]. Multisetting
inequalities have been used for the loophole-free detection of
the nonlocality associated with the Einstein-Podolsky-Rosen
(EPR) paradox (“EPR steering” [29]), for efficiencies well
below 50% [30,31] and consistent with the bound 75 >
1/M [27]. For the maximally entangled state, LHV models
exist to imply 50% as a feasible efficiency for symmetric Bell
experiments [32,33], but it was initially unclear how one could
violate a Bell inequality at this efficiency [20]. Subsequently,
Cavalcanti et al. presented such an inequality for two settings
that allowed violations at 50% for N-partite GHZ states as
N — 00 [26,34]. In 2012, Pal et al. confirmed the advantage
of multisettings, by deriving a family of multisetting Bell
inequalities for N-partite GHZ states that predict threshold
efficiencies as low as 38% for accessible parameters [21].

In this paper, we present a second set of multisetting
multipartite Bell inequalities that are predicted to be violated
for reasonable efficiencies. Shchukin and Vogel (SV) have
derived two multisetting Bell inequalities, whose structure is
closely related to the algebra of quaternions and octonions [35].
The two-setting version of these inequalities was originally de-
rived by Cavalcanti-Foster-Reid-Drummond (CFRD) [36] and
studied in the qubit form by Salles et al. [37] and Cavalcanti
et al. [34]. For two settings, violations for N-partite qubit
GHZ states are possible provided N > 3. These violations are
different from those predicted by Mermin-Ardehali-Belinskii-
Klyshko (MABK) [8,38,39], in the sense that they allow Bell
nonlocality for reduced detection efficiencies, approaching the
limit n — 50% as N — oo [26,34]. Salles et al. reported
three-setting violations of generalizations of these inequalities,
achieved using the GHZ state [37]. Up to now, however, as
far as we know, there has been no explicit demonstration of
violations of the quaternion or octonion Shchukin-Vogel Bell
inequalities for higher settings.

Here, we show violation of the Shchukin-Vogel quaternion
and octonion Bell inequalities using the GHZ state, for all
N > 3 and for experiments involving M = 2—8 measurement
settings. We show that the violations are predicted for efficien-
cies n > 2%", independent of the number of measurement
settings M. Although this does not give the optimistically
expected dependence on M [24,25], the efficiency approaches
50% for large number of sites for all M and is obtained for the
maximally entangled GHZ state based on inequalities similar
to those of MABK. The case of the generalized GHZ state has
been examined for multisetting generalizations of the MABK
inequalities, where it was found that more than two settings
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can provide an advantage in detecting nonlocality [40—42]. We
discuss this case for the SV inequalities, as well as the potential
for experimental implementation, noting that heralding would
be required.

II. SHCHUKIN-VOGEL MULTISETTING BELL
INEQUALITIES

We consider N spatially separated systems and spacelike
separated measurements performed on them. We suppose there
are two measurement settings at each site labeled by k, so that
observables A; and By are measured by each setting. Then if
local hidden variable (LHV) theories are valid, CFRD showed
that the following inequality will hold [36]:

N 2 N
<]‘[<Ak +in>> < <1’[{(Ak)2 +<Bk>2}>, ()
k=1

k=1

where A, and Bj are the results of the measurements Ak
and B. The moments that are required to be measured
on the left side of the inequality are determined from the
expansion involving the complex numbers f; = Ay + i Bx.
The moments for an arbitrary number of sites may be written
using a recursive relation. Inequalities of this type have been
studied further in Refs. [26,34,43—46] and adapted to give
inequalities for other forms of nonlocality in Refs. [34,46,47].
Mermin originally formulated inequalities using the imaginary
construction [8], and the left side of this inequality is closely
related to that of the MABK inequalities [38,39]. For two sites,
the CFRD inequality is

(A1A2 — B1B)” + (B Ay + A By)?

<((A]+ B) x (A3 + By)). @)
Schukin and Vogel (SV) developed the theory further to
derive a four and eight observable form of these inequali-
ties [35]. We adopt their notation, denoting the outcomes of
four observables that can be measured at each site k by A,
By, C, and Dy, and the outcomes of eight observables by Ay,
By, Ci, Dy, Ey, Fy, G, and H. The quaternion multipartite
inequalities are evaluated by forming the quaternion g; =
Ay + 1By + jCi + kDy on the left side and using quaternion
multiplication. The octonion multipartite inequalities are sim-

ilarly developed using the multiplication laws for octonions.

Quaternion and octonion Bell inequalities
For two sites, the quaternionic Bell inequality is [35]
(A1A2 — BiB, — C1Cy — D1 D)?
+(B1As + A1 By — D1Cs + C; Dy)?
+(C1A; — BiD, + A|Cy + D By)?
+(D1As + A1 Dy — C1 By + B1Cy)?
<{(AT+BI+CT+DY)(A3+ B3+ C3+ D3)). (3)
For the two-side case, we are considering the Bell inequality
(A1 +iBy+ jCi + kD)(Ay +iBy + jCy + kD))
< (A + Bf + €T + DY) (A3 + B3 + C3 + D3)), (4
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where here the well-known quaternion algebra i’ = j? =
k* =ijk=—1, ij = —ji = k,jk = —kj =i applies. This
1nequa11ty holds based on the fact that for any observable A,
(A)? < (A?%).Recursive apphcatlon of (4) allows for arbltrarlly
many (N) sites. The product (A1 +iB + ]C1 + le)(Az +
1B2 + ]Cz + kDg) can be expanded into

(A +iB+ jC, + kD) Ay +iBr+ jCy + kD)

=hL+i-hi+j-Ij+k-I, &)
where
[, = AjAy — BBy — C,C, — D1 Dy,
Iy = A\By+ BiA, + C,D, — D, G5,

A1Cy — BiDy + €Ay + D1 By,
k:A11§2+§1€2—61§2+ﬁ1A2. (6)

~.
Il

>

The terms I,.,1;,1;, I} satisfy the Euler square identity
I )
R S
= (B +B+C+ DA+ B3+ C3+D3)., (D
which is fundamental for inequality (4) to hold [35].

The three-site quaternion Bell inequality is derived simi-
larly, and its expanded form is written explicitly as [35]

I+ (1) + (1)) + (I)*
< (AT + Bf + C} + D7) (A3 + B3 + C3 + D3)
x (A3 + B + C5 + D3)), (8)
where

I, = {((A1A; — BB, — C,C, — D1 Dy)A;
—(B1A2+ A1B, — D1Cy + C1 D7) B3
—(C1Ay — B1Dy + A1Cy + D1 By)C;
—(D1A2 + A1 Dy — C1 By + B1(2) Ds),

I; = ((A1Ay — B1By — C1Cy — D1 D7) Bs
+(B1Ay + A1By — DCy + C1Dy)A3
+(C1Ay — BiD2 + A{Cy + D1 By)Ds
—(D1A2 + A1 Dy — C1 By + B1(2)C3),

I; = ((A1Ay — B1B, — C1Cy — D1 Dy)Cs
—(B1A2 + A1B; — D1C, + C1D2) D3
+(C1Ay — Bi Dy + A1Cy + D1 By)A;
+(D1A2+ A1D; — C1 By + B1(2)Bs),

Iy = ((A1A2 — B1B, — C1Cy — D1D7)Ds
+(B1A, + A1B, — D1Cy + C 1 Dy)C5
—(C1A2 — B1Dy + A1Cy + D1 By) B3
+(D1A2 + A1 Dy — C1 By + B1(2)As3). )

The N-site inequality is readily evaluated in a recursive form
that enables computation.

We define the quantity By p as the ratio of the left-hand
side (lhs) to the right-hand side (rhs) of the Bell inequality
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[Eq. (1), Eq. (3), or Eq. (8), etc.] that has M settings and N
sites, so that

By > 1 (10)

indicates a violation of the Bell inequality. The expressions for
the octonion Bell inequalities are derived similarly, using the
eight square identity as explained by Shchukin and Vogel [35].
A setup with three, five, six, and seven settings can be achieved
by simply defining the remaining settings as identical to zero.
For example, a setup of three settings can be achieved by
setting all D; = 0.

III. QUANTUM PREDICTIONS FOR GHZ STATES

We suppose the multipartite system is N spin-1/2 subsys-
tems, prepared in a GHZ state. The GHZ state

_ L
V2

is a maximally entangled state for N spin-1/2 systems. The
Pauli spin observables applying to a measurement on the
system at the kth site are denoted &%, (fyk, 6.%. Here, [1)
and || ), denote the eigenstates of 6f . We suppose the possible
measurements are the set of all possible spin observables. The
GHZ superposition state has been generally defined here with
either sign in the superposition of probability amplitudes.
However, as explained later, the final results for the Bell
violations do not depend on the sign.

The right side of the inequalities (1) and (4) simplify, for the
Pauli spin experiment where the results of the measurements
are always =£1. For the case of two settings (observables), the
right side of the inequality reduces to 2V. For four settings,
the right side reduces to 4V, and for eight settings, it reduces
to 8V.

To evaluate the left side of the inequalities, we need
to calculate the moments of the GHZ state. For example,
for N =2, we substitute in (4) the operators Ak = -
6’k, ék = ﬁ2k . 6’k, ék = ﬁ3k ~5’k, and ﬁk = ﬁ4k ~5’k, where
6% is understood to act only on particle k, and A;; are
arbitrary unit-length vectors. One can rewrite 7, -6 as
sin (0) cos (¢4 )6, + sin (6,) sin (¢ )6y + cos (6,)6,. Consid-
ering a typical term (\Ili|6i16j2|‘lli) where i,j = {x,y,z}

and [W*) = L(11)111); £ 11)111)2), as they appear in the

left side of (4), one finds that the only nonzero terms are
Ala2 Ala

(6,67) ==+£1, (6;&3) = F1, and (6, Uzz) = 1. Hence, a term

()A(”Xﬂ) will reduce to

[v) (Iney £19)%% 11

A N

(Xi1X j2) = sin(6;1) sin(6,2)
X[+ cos(gi1) cos(@)2) F sin(i1) sin(@;2)]
+ cos(6;1) cos(92), (12)

where )A(l =A, )A(z =B, )?3 =C,and )A(4 =D. Similarly, for
evaluating the predictions at larger N, only some correlations
will be nonzero. The nonzero terms are as given in Table I.
Note that because of the alternating nature of the terms in
Table I, for a system with all polar angles fixed at 6 = 7, the
relative sign in the GHZ state produces an overall sign that
affects all terms in Table I equally. This means that for such a
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TABLE I. Evaluation of Pauli products, showing the nonzero
moments predicted by the GHZ state for various N. Here, every
combination of &,,, acting on different particles must be considered
as nonzero. For example, the term (6,6,6,) means that (5,6767),

616263), and (6!6263) must be taken into consideration.
y9x Oy yOyOx

N

3 <(}x(}x(}x) = =1

(6:6,6,) = F1

(6:6,6:6,) = %1

A (6:6:6,8,) = F1

(6,6,6,6,) = £1

(6.6,6,6,) = 1

4

AAAAAA

6 (6:6,6,6,6,6,) = %1
(6,6,6,6,6,6,) =F1
(67&16265&"6z> =

<6xaxax&x&x&x&x) ==+lI

AAAAAAA

setup, the left side of the SV inequality will be independent of
the sign of the GHZ state due to the squaring of its terms.
When N = 2, the GHZ state reduces to a Bell state. In
this case, no violation of the two-site inequality is possi-
ble, consistent with results in Ref. [37]. As an example,
we could take A =6, and B =6,, C = J%{—ax + 6y},
D, = \/LE{_a—x - 6')’}’ and C; = \/Li{é\'x +6y}’ D, = %{6—x -
6y}. Then we find C1C2 — D1D2 = A1A2 — Ble = 6’1 52

) xYx
6162, which gives the maximum of 4, and —D;C; +

¥y
C\D;, = BiAy+ A\B, =667+ 6,67 (which will give
O), and C1A2 — BlD2 + A1C2 + DlBQ =0 and D1A2 +
A1Dy — C1By 4+ B1Cy, so the left and right sides of the
inequality are equal. That there is no violation is confirmed
using the full search over all possible spin measurement
choices.

Violations of the SV Bell inequality become possi-
ble for N > 3. We can verify algebraically that the
choice of measurements of C; = C, = %{6x + ﬁﬁy}, Dy =
—Ds = }{v/36, — 6y}, C3=1{—6,++/36,}, and D; =
%{ﬁ&x + 6,} will give a —4 for both of the first two terms
in the I, . However, the last two terms will be identically zero
for this choice of measurement, so I, = —8. We see I; =0,
I =—4,and I} = —44/3. The result is that the left side of
the inequality is 2 x 82 and the right side is 4°, which gives a
significant violation. The numerical search over all possible
angles confirmed the result as that giving the maximum
violation.

For N sites and M settings, the right side of the SV Bell
inequality becomes rhs = M". Our numerical analysis has
shown to great accuracy for N =2,3,...,7 sites and M =

032118-3



S. KIESEWETTER, P. D. DRUMMOND, AND M. D. REID

TABLE II. Optimal measurement settings ¢,, k = A,B,C,D,
at each site n =1,...,N. The settings are given in spherical
coordinates, with all 6 =0 at all sites, so that, e.g., A. =
(oS Par, Sinar, 00" x ' = cos a6 + sin 416, A higher num-
ber of sites N can be treated by simply continuing the alternating
pattern. The settings for higher M are given in Tables I1I-V.

N 2 settings ¢ 3 settings ¢
A B A B C
b4 2 b4
1 0 7 1 0 T 2;
3 2 0 7 2 0 2% =
3 0 3 3 0 = 3
A B A B C

2

1 0 3 1 0 = 2%
4 2 0 3 2 0 2% ¥
3 0 7 3 0 = 25
4 0 7 4 0 3 =

2,3, ...,8 settings that the angle choices stated in Tables [I-V
yield a maximal value for the left-hand side of the SV Bell
inequalities, which is given by lhs = M"Y x 2V¥=2_ The rhs of
the inequality is rhs = M™. Not taking detector inefficiencies
into account, we get a Bell violation value of g:—z =2N-2 a5
plotted in Fig. 1, regardless of the number of settings used.
We note that while the SV Bell inequalities are derived based
on four and eight observables, using quaternion and octonion
algebra, respectively, we can by setting one or more of the
observables to zero in each of them arrive at Bell inequalities
for fewer settings. In this way, the quaternion Bell inequality is
also a Bell inequality for M = 2,3,4 settings, reducing in the
case of M = 2 to the CFRD Bell inequality for spins [34,37].
Similarly, the octonion SV Bell inequality gives rise to the Bell
inequalities with M = 5,6,7, and 8 settings.

0.80

0.70

Nmin

0.65

0.60

FIG. 1. (Color online) Threshold detector efficiency for N sites:
The minimal detector efficiency ny,;,, needed to observe Bell violations
for a given number of sites N. Inset: The Bell value By y vs N.
By m > 1 indicates violation of the Bell inequality. The results are
independent of the number of measurement settings M.
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IV. DETECTION INEFFICIENCIES,
NOISE AND HERALDING

We now examine the important question of the effect of
detection inefficiencies on the Bell violations. The following
analysis will model the loss that takes place due to detector
inefficiencies and propagation through the medium. We extend
the analysis given in Ref. [34]. We represent the experimental
observables as the Schwinger spin observables,

5. =ala, —ala_,
G, =ala_+a.al

x — U - +4—
¢, = @ha- —a,ab)/i, (13)
5% = (A + 2),

where a is the destruction boson operator for two orthogonal
modes =+ at the site k. Here, 62 = (6,)* + ((}y)2 +(6,)%, and
i is the total number operator for each site. The superscripts
k denote which site is being referred to. Usually, the modes

= correspond to orthogonal field polarization and &]ﬂ&i is the
number operator for a photonic mode =+ at site k. At each
site, the spin measurement 6(;; is performed by a polarization
measurement chosen at a suitable angle (and possibly with
phase shifts) [48]. For example, the modes at the detectors
after the polarizer measurement for 6, can be represented by
the transformed modes ¢, ¢_ which are linear combinations
of as and for which él¢, — &l é_ = 6,. The photonic GHZ
state is

_
V2

where |n)®Y = ®,1€V=1 |n)x and |n); are the eigenstates of 7*.
We see that components of the photonic GHZ state are mapped
into the 1 eigenstates of 6,: || )x — |0)4x|1)—x and |1)x —
11)-4£10)_s.

With nonideal detection efficiencies, not all photons that
impinge on the detector will be recorded. For each emission
event, there are three outcomes at each site. We follow
the traditional example [2] and denote the outcomes of the
observables A, B, etc. as +1, —1, or O if the photon is
detected “up,” “down,” or “not at all,” respectively. There are
two detectors at each site, placed to determine the number
of photons (0 or 1) corresponding to modes éf) and &%),
respectively (see Refs. [2,49] for details). We model the
inefficiency (loss) of each detector using a simple beam-splitter
model, where we evaluate the moments of detected fields dge;
given by

[¥) (1)®Y 4 €210)*N), (14)

daet = /Ma + /1 = Nyac. 5)

Here, 7 is the probability that an incoming photon is detected.
The a is the boson operator for the incoming field mode, and
Qyye 18 the boson operator for a vacuum reservoir mode that
couples to the incoming field and into which quanta are lost.
Equation (15) enables calculation of the predicted effect of
detection inefficiencies on the moments needed for the Bell
inequalities. It is important to understand how the experiment
would be carried out. In a LHV theory, the quantities A, B, . ..
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TABLE III. Optimal angles for four and five measurement
settings, as described for Table II.

N 4 settings ¢ 5 settings ¢
A B C D A B C D E
4 2
10 5% —4% 7 10 5% —4% 37
320 % % 3 2 0 % F :% 2%
b4 b4 e b4 b4 -TT T
30 % -5 3 3 0 % -3 F 7
A B C D A B C D E
4 2
10 5% —4% 7 10 5% —4% 3T
4 2 0 T F 3 2 0 % 7 —4% 2%
b4 b4 T b4 b4 T T
3.0 L R 30 I B N
i T T i 4 T T
4 0 ¢ 7 4 0 T T -5 3

that appear in the inequality are numbers that now have
the possible values +1,0. The derivation of the Bell SV
inequalities does not restrict the values that the variables can
attain, and hence the same inequalities will still hold rigorously
in the lossy scenario, to allow a loophole-free test of LHV
theories. In an ideal situation, one heralds the emission event
and detects the value of the observables A, B, . .. at each of the
sites, some being +1 or —1, and some being 0. One evaluates
from the data the moments that are defined on the left and
right sides of the inequality. If these moments violate the
inequalities, then we have confirmed the failure of all LHV
theories to describe the experiment.

What do we expect to obtain for a given detection ineffi-
ciency 1? On the lhs of the inequalities, we measure moments
like those in the Clauser-Horne-Shimony-Holt (CHSH) Bell
inequalities [2,13], such as (A A, - - - Ay). Consider first two
sites. We denote the joint probability for the outcome +1 and
—1 at sites 1 and 2, respectively, by P(+4,—), etc. Thus,

(A1A2) = P(+,+)+ P(—,—) — P(+,—) — P(—,+). (16)

The probabilities where the outcome is the null event O do not
directly contribute because their value is A = 0, but the null
events contribute to the total number of counts and hence to
the normalization of the probabilities. The joint probabilities
P(+,+), etc. involve a single photon detection at each site,
and hence will scale as n%. More generally, with N sites, there
will be N photon detections and we will obtain a scaling of
nN . Hence we obtain, for the left side of the Bell inequalities,

TABLE IV. Optimal angles for six and seven measurement
settings, as described for Table II.

N 6 settings ¢ 7 settings ¢
A B C D E F A B C D E F G
T 3 5 T s g 3n St T T 4
10 3 3 8 8 2 10 3 3 3 ) 3
T St 3t T T T S 3 bid 4 T
320 % ¥ % 5 320 % % % % 3 -3
b4 3 51 T g g 3 51 T T 4
30 %5 ¥ % % 3230 % % % % -3 3%
A B C D E F A B C D E F G
T 3 St T T T 3 Sm T T 4
1o § ¥ ¥ 53105 ¥ % %5 -5 %
T 5 3n b T I 5 3 b 4 T
4 20 8§ 3 8 8 2 2.0 8 8§ 8 3 3 73
3 0 & 3 S In zx 3 ( = 3 S5t In _ 7z 4w
3 3 8 3 2 3§ 8 3 3 3 3
T S5m 3n b b1d T 5 3 b 4 T
40 8 3 8 g 2 40 8 8 8 3 3 73
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TABLE V. Optimal angles for eight measurement settings, as
described for Table II.

N 8 settings ¢
A B C D E F G H
b1d 3 S5m T b4 S 3
1o 5§ 5 5 % ~5 ~% 7
In S 3 T 9 137 _z
3 2 0 8 B 3 8 B 8 2
T 3 Sm T e S 3
30 5 ¥ F 0% H 37
A B C D E F G H
1 0 T 3 St I _ _5m 3
3 8 8 8 8 B 2
T S 3 b4 I 137 b4
4 2 0 3 8 3 8 8 8 2
3 0 T 3 St I _r _Sm 3
3 B 8 B 8 B 2
T Sm 3 i I 137 i
S T T T T 3

lhs = n”*Y MY x 2¥=2. On the other hand, the moments on
the rhs involve the expectation values of the A2 values. The
A? value is always 1 if the photon is detected either “up” or
“down,” and is always O if the photon is not detected. Denoting
the probabilities for the outcomes +1, —1, and O at site k by
Pr(+), Pr(—), and Pi(0), respectively, we note that

(A1A3) = P(+.) + P(+,—) + P(—,4+)+ P(—,—). (17

The moment scales with efficiency as n”. Extending to the
product of results for (AfA% ...) based on measurement at the
N sites, we see the prediction is ths = n™¥ M. This means that
an experiment involving N sites requires a minimum detector
efficiency of npin = 27! in order to detect Bell violation,
regardless of the number of settings M used (Fig. 1).

We note that because of the square on the lhs of the SV Bell
inequalities, the violation cannot straightforwardly be obtained
without determining the probability of the zero detection event
at all sites. Thus, in the experiment described, there is a need
for heralding the emission events in order to obtain a violation
of the inequalities [50]. This provides a substantial limitation.
Alternative experimental arrangements could be explored in
the future. For example, it is possible that an analysis of the
type presented by Garg and Mermin for the CHSH inequalities
may be useful in providing an alternative experiment, without
the need for heralding [51].

As a further calculation of the sensitivity of the Bell
violations to possible noise sources, we show in Fig. 2 the
effect of Gaussian random noise on the measurement angle.
Regardless of the number of settings, the violations are robust
to this noise source.

V. GENERALIZED GHZ STATES
Now we turn to the generalized GHZ state
|W) = cosa|1)®N +sinall)®V. (18)

It has been shown for the bipartite (N = 2) case that the
nonmaximally entangled state (which has o < 7 /4) allows
violations of Bell inequalities for lower efficiency thresholds
than the maximally entangled state (o = 7/4) [23]. These
violations are achieved with asymmetric Clauser-Horne-type
inequalities [19,20,22,28]. Also interesting is that the MABK
Bell inequalities do not allow any violation for the generalized
GHZ state |®) = cos«|000) + sin|111) for some values of
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FIG. 2. (Color online) Effect of measurement noise: The Bell
value By achievable for N = 4 sites and (from top to lower line)
M = 2,3,8 measurement settings when the ensemble averages are
evaluated with a random Gaussian fluctuation of standard deviation
A¢ in the measurement angles. Here, detector efficiency is n = 0.75.
Violation of the Bell inequality is achieved when By 5 > 1. The mean
angle setting is optimized according to the values given in Tables II
and V, respectively.

a, namely sin2a < 1/+/2V¥-! and N odd [40]. However, a
violation becomes possible on using extensions of the MABK
inequalities for four measurement settings [41,42].

We are thus motivated to ask the following question:
For what range of « does the two-setting CFRD-type Bell
inequality allow a test of nonlocality, and can this range be
extended (as in the MABK case) by considering multiple
settings? Our answer to this question is shown in Figs. (3)
and (4).

For detection efficiencies at n ~ 0.65, one would require
GHZ states with N > 6 to obtain a violation of the Bell
inequalities. This would not seem unrealistic, given the

FIG. 3. (Color online) Violations for the generalized GHZ state:
Here By ) > 1 indicates violation of the Bell inequality with (from
lower to top line) N = 3,4,5,6sites and M = 2 measurement settings
for a detector efficiency of n = 0.75%. The results for settings M =
2-8 are indistinguishable.
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0.60 | | | |

FIG. 4. (Color online) Threshold detector efficiencies for the
generalized GHZ state: Here, By » > 1 indicates violation of the
Bell inequality with (from top to lower line) N = 3,4,5,6 sites and
M = 2 measurement settings. The results for settings M = 2-8 are
indistinguishable.

experiments of Refs. [10] which report creation of photonic
GHZ states for N = 6-8. A challenging feature of the experi-
mental implementation would also be to correctly measure the
probability of the null (zero-detection) event.

We find that violations are possible over a significant range
of o, though the range is a more restricted range than that
obtainable for the MABK inequalities. This is not unexpected,
given that the inequalities here have a smaller violation ratio B
and do not violate LHV theories at all for N = 2. As with the
MABK case, the range of « giving a violation expands with
N, but in this case the results are essentially unchanged with
M. Our numerical results suggest that the respective ranges of
« coincide up to a shift of N by one; that is, our numerical
results are consistent with the relation sin 2o < 1/+/2V=2 for
the SV inequalities.

VI. DISCUSSION AND CONCLUSION

We have presented multisetting Bell inequalities that allow
violation for an N-partite GHZ state when the efficiencies at
each site approach n — 50%. This supplements the earlier
work by Pal et al., which reported multisetting Bell violations
for reasonable efficiencies (as low as 38% for eight sites and
11 settings) [21]. We show that for the inequalities considered
in this paper, an efficiency limit of arbitrarily close to 50%
is attainable independently of the number of measurement
settings and for the maximally entangled N-partite GHZ state
that has a symmetric weighting of its composite spin states,
provided one uses a sufficiently large number of sites N. The
inequalities used here are different from those of Pal ef al., in
that the “no detection” event is assigned the outcome of zero
that is distinct from the Pauli spin values.

The violations are obtained using the spin version of the
Shchukin-Vogel inequalities. These, however, require three or
more sites (N > 3) in order to allow a test of Bell nonlocality
even at ideal efficiencies. By comparison, our studies for
this case suggest that violations are not possible at such
low-efficiency thresholds for multipartite W states. We also

032118-6
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note that the natural multipartite extensions of Gisin’s original
multisetting inequalities [ 15] would not lead to lower threshold
efficiencies.

PHYSICAL REVIEW A 92, 032118 (2015)
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