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Abstract

Distinguishing physical processes is one of the fundamental problems in quantum physics.
Although distinguishability of quantum preparations and quantum channels have been studied
considerably, distinguishability of quantum measurements remains largely unexplored. We
investigate the problem of single-shot discrimination of quantum measurements using two
strategies, one based on single quantum systems and the other one based on entangled quantum
systems. First, we formally define both scenarios. We then construct sets of measurements
(including non-projective) in arbitrary finite dimensions that are perfectly distinguishable within
the second scenario using quantum entanglement, while not in the one based on single quantum
systems. Furthermore, we show that any advantage in measurement discrimination tasks over
single systems is a demonstration of Einstein—Podolsky—Rosen ‘quantum steering’. Alongside, we
prove that all pure two-qubit entangled states provide an advantage in a measurement
discrimination task over one-qubit systems.

1. Introduction

Distinguishability of different physical processes is a fundamental question in the field of quantum
physics [1]. It all started with the seminal work on quantum state discrimination by Helstrom [2], in which
an upper bound on the probability of discrimination between the two states was derived. In recent years the
problem of state discrimination has been explored extensively not only from the fundamental perspective
but has also been studied due to its relevance for quantum information protocols such as quantum
communication or quantum cryptography [3—6]. It has also been studied in the context of resource
theories of measurements in the quantum mechanical [7, 8] as well as the generalized probability theory [9]
scenario. On the other hand, via the well-known Choi—Jamiotkowski isomorphism [10, 11], the state
discrimination problem of Helstrom has been, quite naturally, translated to the problem of discrimination
of quantum channels, whose various aspects have intensively been studied in recent years [12—19].

At the same time, the problem of quantum measurement discrimination remains relatively unexplored.
It should be noted here that the most intriguing feature of the measurement discrimination problem, as
compared to state discrimination, is that in it one can enhance the probability of distinguishing
measurements by using quantum entanglement [20-22]. In [23, 24] unambiguous discrimination of
quantum measurements is reported, where two shots are needed for perfect discrimination. Furthermore,
in a recent experiment [25] the optimal discrimination of two projective quantum measurements has been
investigated. However, most of the previous results, are either restricted to two-dimensional quantum
systems [20, 21, 23, 25], or have been studied in the multiple-shot scenario [20, 26]. Like in [21], here we
consider the most practical single-shot scenario wherein only one copy of the measurement device is

© 2021 The Author(s). Published by IOP Publishing Ltd on behalf of the Institute of Physics and Deutsche Physikalische Gesellschaft
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Figure 1. Schematic illustration of the single-shot measurement distinguishability problem in the single-system scenario. A
measurement device is fed with a known state p and performs a measurement M, on it, yielding an outcome a. Depending on the
outcome one then chooses the post-processing strategy to provide the best guess for the input x. The user has full control over the
preparation device.

available, and the measurements are destructive, that is, we assume that there is no access to the
post-measurement state.

The main aim of this work is to explore the advantage in discriminating arbitrary dimensional
measurements provided by entangled quantum systems. Precisely, we derive criteria allowing to decide
whether a set of measurements in arbitrary dimension d is perfectly distinguishable in
entanglement-assisted scenario, but not within the single-system scenario for: (i) rank-one projective
measurements, (ii) d* outcome Positive Operator-Valued Measurements (POVMs), and (iii) d + 1 outcome
POVMs. Moreover, we provide many classes of measurement of these types and further study the qualitative
advantage obtained in entanglement-assisted scenario as compared to the single-system scenario.
Remarkably, any advantage provided by the entangled systems in the measurement discrimination problem
is a proof of ‘quantum steering’. Quantum steering manifests the nonlocal effects of entangled states, which
was scrutinized by Einstein—Podolsky—Rosen [27] and formalized later in [28]. Alongside, we show there
exists a set of measurements (up to a local unitary equivalence) for which all pure two-qubit entangled
states provide advantage.

The paper is organised as follows. In section 2, we formulate the measurement distinguishability task in
two different scenarios and identify the necessary resource for the advantage with entangled systems. The
advantage of the entangled systems over the single systems is studied in section 3. Finally, we conclude in
section 4 with many possibilities of future investigation.

2. Framework for measurement distinguishability problem

In this section, we formulate the quantum measurement distinguishability problem and then describe two
scenarios in which it can be addressed.

Assume that we are given a measurement device that performs one of n a priori known m-outcome
measurements M, := {MZ%},, where M2 stands for a measurement operator corresponding to the outcome a
of the xth measurement with x € [n] = {0,...,n— 1} anda = [m] = {0,...,m — 1}. These
measurements are sampled from the probability distribution p(x). We additionally assume that all the
measurements act on C? where, in general, d may not be equal to . In order to distinguish the
measurements, the measurement device is fed with a known quantum state that belongs to C* and the
device performs one of the measurements M, with probability p(x) on it. We assume that there is no access
to the post-measurement state. The single-shot measurement distinguishability problem consists in
maximizing the probability of correctly guessing which measurement has been performed based solely on
the obtained outcome a.

Now, we formalize two different scenarios to address the above task: (i) the one in which the
measurements are performed on a single quantum system (which in principle can be entangled to another
quantum system, however, we do not have access to it), and (ii) the one exploiting quantum entanglement
in which the particle going through our measurement device is quantum mechanically correlated to another
system which we have access to and can measure it.

2.1. Measurement distinguishability with single systems

To discriminate the measurement we consider the following strategy using single quantum system

(figure 1). Given a known quantum preparation p, the measurement device performs a measurement M, on
it. Upon obtaining the outcome a we can, in general, perform a classical post processing defined by
Q:={q(z|a)} wherez € {0,...,n— 1} and Va4, , q(z|a) = 1. Post-processing is just a stochastic map that
acts on the probability distribution p(a|M,, p) and returns p(z|M,, p) as the output z (the guess) is supposed
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Figure2. Schematic illustration of the entanglement-assisted measurement distinguishability problem. A known bipartite state
Pag 1s sent to two measurement devices held by Alice and Bob. However, there is a catch. Alice performs one of the measurement
from the set {M, } and obtains a outcome a. Depending on that outcome Bob selects a measurement N, from the known set
{N,}, such that the outcome b guesses the measurement setting x of Alice. Devices with nob are fully controllable by the users.

to be equal to x. The optimal single-shot distinguishing probability of the measurement set, denoted by D,
is given by

D

Zp(x)p(z = x|My, p)

P {q Z\

Zq(z = x|a)p(x) Tr(pM2). (1)

P {q Z\

We note that the term inside the summation is just a convex mixture of p(x) Tr(pM%) with weightage q(z|a)
for every a, and thus we choose the appropriate {q(z|a)} which yields the optimal distinguishing
probability. Therefore, the above quantity can be expressed only in terms of Tr(pM?) as follows

D= m;ix;mfx {p(x) Tr(pr)} . (2)

Note that it is sufficient to consider only pure quantum states to obtain D. This is because the
max,{p(x) Tr(pMZX)} is a convex function of the state p. Following this argument we can infer that the
maximum is always achieved by a pure quantum state. Let us finally mention that D = 1 means that the
corresponding strategy perfectly distinguishes the measurements.

2.2. Entanglement-assisted measurement distinguishability

As shown in figure 2 the strategy is as follows. A known bipartite state p,j is sent to Alice and Bob. Alice
performs the unknown measurement M, from the set {M,} on her sub-system and sends the outcome a to
Bob. Upon obtaining the outcome from Alice, Bob chooses to perform one of m measurements, denoted
N,, which yields an outcome b. Bob’s outcome is his guess of Alice’s input. It is noteworthy that any
classical post-processing of the outcome a can be included into Bob’s measurement.

We can express the distinguishing probability in such entanglement-assisted scenario by a Bell
expression. Precisely, the experiment made by Alice and Bob can be described by the joint probabilities
pla, blx, y), where x, y and a, b are input and output variables, respectively. A general linear Bell expression
in this scenario is

Z Cx,y,u,bp(a) b‘x) }/), (3)

X,p,a,b

where ¢, are some real coefficients.

In the context of measurement distinguishability task, Alice’s device performs »n m-outcome
measurements, whereas Bob can choose to perform one of m measurements, each having n outcomes; so
xb€{0,...,n—1}and y,a € {0,...,m — 1}. Moreover, we are interested in only those cases where Bob’s
input y is same as Alice’s output a, and Bob’s output b should be the guess of Alice’s input x. Thus, the
distinguishing probability in the entanglement-assisted scenario is given by

> px)pla,b = x|x,y = a), (4)

and it is a particular instance of the Bell expression (3) with ¢4, = p(x) when y = a,b = x, and ¢y, = 0
otherwise. In quantum theory, the entanglement-assisted distinguishing probability pertaining to a
particular shared state p, is expressed as

BB = maXZP(X) Tr [pas (M; © N)IZ;)] J )

{}’ x,a
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where {M,} is the given set of quantum measurements (with probability p(x)) which we want to
distinguish. The optimal entanglement-assisted distinguishing probability (denoted by B) can be achieved
by optimizing over all the bipartite states, that is,

B = max B8, (6)

PAB

Analogously to the previous case, here the maximum is also achieved by a pure state. Note that the
maximum value of B = 1 corresponds to the case of perfect distinguishability. In the following subsection
we show that the advantage in a measurement distinguishability problem for a entangled bipartite system
over a single system can be related to a necessary condition for quantum steering.

2.3. Quantum steering is the necessary condition for advantage in a measurement distinguishability
task

Let us now make a connection between the measurement distinguishability task and quantum steering.

Theorem 1. Given any set of measurements { M, }, B”25 > D implies the shared state p,y is steerable by Bob.

Proof. If the shared state p, has a local hidden-state (LHS) model for any choice of measurements in a
given scenario where Alice has the quantum device, then for all a, b, x, y, the joint probabilities obtained
from that state can be written as [28],

pla,blx,y) =D V) Tr(paMps(bly, V), (7)
A

where Y, (X)) = 1, pg(bly, A) represents arbitrary probability distributions depending on the hidden
variable A, which, without any loss of generality, can always be assumed to be deterministic. Finally,
Tr(pyM¢) corresponds to the probability of obtaining the outcome a when the measurement x is performed
on the hidden state p,. Whenever the joint probabilities cannot be expressed in the above form, then the
shared state is steerable from Bob to Alice. Now, let us define the distinguishing probability in
entanglement-assisted scenario when the shared state admits a LHS model,

PABELHS

B’ = max Zp(x)p(a, b=xlx,y =a), (8)

wherein LHS denotes the set of states admitting LHS model so that the joint probabilities are given by
equation (7). To prove the desired result, it suffices to show B’ = D. Notice that by using equation (7) we
obtain

D p(0)> (N Tr(paME)ps(b = xly = a, \)

a,x A

=> D 1 (Zp(x) Tr(pAM)ps(b = x|y = a, A))
a A x

< DD _mmax {p(x) Tr(pM) } )
a A

where the inequality stems from the fact that p,(b|y, A) is a deterministic probability distribution for any
choice of the measurement y and the variable \. The above clearly implies that

B < mpaxzu:rngx {p(0) Tr(pM9)} (10)

and thus, B’ < D (cf equation (2)). Furthermore, the upper bound of B’ in the above equation is achieved
within the entanglement-assisted scenario by considering Bob’s measurements to be a classical
post-processing on the outcome 4, and hence, 5’ = D. This completes the proof. ]

Hence, a steerable state provides an advantage in the measurement distinguishability task over the
single-system scenario. In fact, any set of measurements M, gives rise to a steering inequality B < D whose
violation indicates that the entanglement-assisted scenario is advantageous over the single-system one in the
measurement distinguishing task.
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3. Advantage of the entanglement-assisted scenario over the single-system one

In this article, we mostly restrict ourselves to instances where the measurements are perfectly
distinguishable with the maximally entangled state, and they are drawn from a uniform ensemble. In the
following, we discuss the advantage of using quantum entanglement in a measurement discrimination
problem for different measurement scenarios.

3.1. Advantage for rank-one projective measurements

Theorem 2. A set of d distinct rank-one projective measurements in dimension d defined by the vectors {|v?)}
where x,a € {0,...,d — 1} (x, a denote measurement setting and outcome respectively), is perfectly
distinguishable in entanglement-assisted scenario but not perfectly distinguishable with single system, whenever
the vectors satisfy the following relations,

(a) V x,5a, (Z|vd) = dpx,

(b) there exists a,a’ such that \(v;\v;,/ﬂ < 1forall x,x".

Proof. We show that in the entanglement-assisted scenario there exists a quantum strategy (Bob’s
measurements along with an entangled state) achieving one in equation (5), whereas in the single-system
scenario for any quantum strategy the value of (2) does not reach one.

In the entanglement-assisted scenario let us consider that Alice and Bob share the maximally entangled
state in C? ® CY,

-1
1
+ .o
= — 11 ( 1 1 )
01 = g
and that Bob’s measurements are defined by the following measurement operators
NG = (el (12)
where T stands for the transposition in the standard basis. Taking into account the first condition and the
fact that transposition respects all the properties of a projector, we have N;‘N;‘l = 0, N for all a,x,x" as
wellas Y N¥=1.

Let us now recall the following property of the maximally entangled state.

Fact 1. For any two operators A, B acting on C?, A ® Bl¢") = 1 @ BAT|¢T).

Using it and taking p(x) = 1/d in the expression of BB in equation (5) we obtain,

‘ 1
5 = 35 6" gl (08I

T
=i wne (szxum) ) = 1. 03
a X :

On the other hand, the distinguishability given in equation (2) in this case can be stated as
1
D = ~max ¥ max|(s[v?)|, (14)
x> max/ (vl
and it amounts to one if, and only if there exists |¢)) such that the following conditions
max|([o)[* = 1 (15)

hold true with a = 0, ...,d — 1. Imagine then that there exists such a state |¢/) that the above conditions are
satisfied. Then, it is not difficult to see that for any pair a, a’ such that a # a’ there exist x and x” such that

W) = [vf) = [v5), (16)

which certainly contradicts assumption (b) of the theorem. This completes the proof. O




10P Publishing New J. Phys. 23 (2021) 043021 C Datta et al

Table 1. An example of a list of the vectors [v?) in dimension 4 satisfying the two sets of relations given in

theorem 2.
a=0 a=1 a=2 a=3
x=0 0) ) 12) 13)
x=1 (1) = 2)v2 (l0) +13))v2 (o) = 13))v2 (11) +12)v2

x=2 (D+2+PBN/V3 (0 +12)—=13)/v3 (1) —13) = 10)/v3 (1) = [2) +1]0)/V3
x=3 (1) +[2) =2B)V6  (—|0)+22) +[3)VE  (2[1) +3) +0)vE (1) + [2) —2/0)V6

3.1.1. Example

As we show in appendix in the simplest cases n = d = 2, 3 there are no projective measurements satisfying

the two conditions of theorem 2, and the first nontrivial case for which such measurements can be

constructed is n = d = 4. An exemplary choice of the corresponding vectors |U;> is presented in table 1.
One can verify that the above set of vectors satisfy the conditions given in theorem 2 and hence D < 1.

3.1.2. Numerical optimization to find the value of D
In order to find the maximum value of D, we consider the following parameterization of a pure state
in C* [29]

d—2

|t)) = cos 61]0) +

k
(H sin 9i> oS Ok eﬁ”k|k>

i=1

-1
+ (H sin 9i> evi-1|d — 1), (17)
i=1

where 0; € [0,7/2] and v; € [0,27] (fori=1,...,d — 1) are 2(d — 1) number of unknown parameters.
Given any set of measurements {M, }, we can obtain the value of D by performing a numerical
optimization of the expression (2) over the parameters, 6; and v;. For the exemplary set of four-dimensional
measurements given in table 1, we find D =~ 0.7752 after carrying out such optimization for equation (14).
Since, there are only six parameters in this case, this value is expected to be the global maximum. Therefore,
we have a clear advantage in distinguishing the projective measurements with the maximally entangled
state. We follow this procedure to find the values of D in the other examples given later.

k=1

In the following subsections we discuss the advantage of entanglement-assisted scenario for more
general measurements or POVMs.

3.2. Advantage for d*-outcome POVMs
Given a dimension d, let us denote by w = exp(2i/d) the dth root of unity, and define the following
unitary matrices

d—1
Z =Y wliXil,  X=>Y_li+1)i, (18)
i i=0

where the sum (+) is taken to be modulo d sum. Let us then introduce the following set of d* unitary
matrices,
Uy, = X2, (19)

where k, 1 =0,...,d — 1.
We can now state one of our main results.

Theorem 3. Given any set of orthonormal vectors {|v;) ?;01 such that for at least one pair k, I,
Vi, (0| Ugtvi)| < 1, (20)

there exists a set of d POVMs, each having d* outcomes, that are perfectly distinguishable in
entanglement-assisted scenario but not perfectly distinguishable in the single-system scenario.

Proof. Consider the following positive semi-definite rank-one operators acting on C?,

1
M = y Ukilve)v:| U], (21)
where x =0,...,d — 1 and a = (k, ) denote the measurement settings and the outcomes, respectively.

Using the following relation (see, e.g., reference [30])

d—1
> Uy EUf =dTe(@)]1, (22)
k,1=0




10P Publishing

New J. Phys. 23 (2021) 043021 C Datta et al

that holds true for any operator = acting on C¥, one easily finds that

d—1
> M =1, (23)

k=0

and thus the d* operators Mi"l with k, 1 =0,...,d — 1 form a valid POVM for each x.

Our aim now is to show that the above generalized measurements are perfectly distinguishable in the
entanglement-assisted scenario, while not in the single-system scenario. To show that 5 = 1, let alice and
Bob share the maximally entangled state of two qudits [¢") (11). Moreover, let Bob’s measurements be
given by

x AT _ kINT
Nii = (Uk,l|vx><vx‘Uk,l) =dM,") . (24)

It is trivial to see that Ni;N; /Jf,/l = 0, Nf, for all k, I since |v,) are orthogonal. Further, for any pair k, [,

T
> Ny = (Uk,lz |vx)(vx| UZ,z) =1, (25)

thereby, for any pair k, I, the operators N, form a valid projective measurement. Let us then calculate the
following quantity taking p(x) = 1/d,

Bl — é 3tk ), x|, (1)

x, (k1)
l X
- EZ(d)ﬂMﬁ” ® Ngjlo™)
x,k,l
1 . .
= gZW*I(Nk,z)T ® Nggle™), (26)
x,k,l

where we have used the relation in (24). Using fact 1 the above expression can be further simplified as,

Bt — %ZWF‘(“ ® [ove))|6T)

x,k,1

= 3t [ 1e Y e | 167 =1. 27)
k1l x

———
1

On the other hand, to show that D is strictly less than 1, let us first see that

1
(WIME ) = S 1()|Ukdlos) (28)
for an arbitrary pure state |¢)) € C. Subsequently, we have

1
D=

= Emamefx {1 Ukilve) P} - (29)

[1) ¥

The above expression is 1, if and only if there exists a state |1)) such that
max {[ (1) [Ugifvy)[*} = 1 (30)

is satisfied for any pair k, I. For k = 1 = 0, Uyy = 1 and therefore equation (30) implies |1)) = |vy) (up to a
phase) for some x'. So, we can replace |1)) by |v,y) in equation (30) for the other pairs k, I. Note that
equation (20) does not hold for k = I = 0. So, there exists another pair k, I for which (20) must hold, and
for that k, I, equation (30) is not satisfied. Hence, D < 1 which completes the proof. O
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3.2.1. Existence of |v,) in all dimension
Let us now explore whether one can find an orthonormal basis |[v;) (i=0,...,d — 1) in C? forany d > 2
that satisfies the condition (20). To this end, we prove the following fact.

Proposition 1. The eigenvectors of any unitary U satisfy the condition (20), whenever U and X*Z' do not share
any common eigenvector for all k, I, except k = 1 = 0.

Proof. We prove this statement by contradiction. Say |v;) are the eigenvectors of U. Negation of (20) states
that for all k, I/ there exists 7, j such that )
X*Z|v;) = ei|v;) (31)

for some ) € R. Since they do not share any common eigenvector, i must be different than j for all k,
such that k # 0 or I # 0. Note that there are d* — 1 operators X*Z' for which (31) holds. On the other hand,

there are at most d distinct eigenvectors of U which means there are at most (j) = d(d — 1)/2 possibilities

to choose two distinct vectors among them. Thus, for equation (31) to hold where i # j, there are at least
two different operators, say X*Z! and X"/Zl/, such that there exist the same pair 7, j for which

X Z'v;) = e“}vy), XK 7y = eﬁ‘9/|vj>, (32)

for some 6,6’ € R. Taking the conjugate transpose of the first one and multiplying with the second, we get,
(v XK 52" o) = 1. (33)
Now we arrive at a contradiction since the above implies |v;) is an eigenvector of X¥ ~*z' -1, ]

Many examples of such unitary can be found in all dimension. Let us mention one of those,

d—1 d—1
il 2 g L
Ua = D@2 il = 52 (Do i (34)
i=0 i,j=0

that has been discussed in [31].
Let us then present another example in Hilbert spaces of dimension d = 2" for any r > 2. To this end,
consider the following states
lug) = cos B|0) + ¢ sin B|1) (35)

and
luy) = e sin B]0) — cos B[1), (36)

where 3 = (0, 7/4). These two states form a basis in C2. Subsequently, by taking their tensor products we
can create a basis in C? with d = 2" in the following way

‘le...x,> = ® ‘Ux,->) (37)
i=1

where x; - - - x, = 0, 1. For instance, the vectors |vy) ® |vg), [vo) @ |v1), |v1) @ |vo) and |v1) @ |v;) form a
basis in the two-qubit Hilbert space.
Now, it is easy to check that U, = Z can be decomposed as the following tensor product

Z- Q. (38)
i=1

where V; is a 2 x 2 unitary matrix of the form V; = diag(1, w? "), One can easily verify that for any k,
|(vil Vi|vj)| < 1 with i,j = 0, 1. Therefore

|</Ux1---xr‘Z‘,U}V1---yr>‘ <1 (39)

for any configuration of x1, ..., ¥,,...,¥, = 0, 1. Hence, the entanglement-assisted scenario provides
advantage over a single system. Moreover, using equation (38) a similar conclusion can be drawn for the
powers of Z, which allows to further lower the value of D.

3.3. Advantage for informationally complete POVMs
Interestingly, the POVMs defined in (21) are informationally complete (IC) when the orthogonal vectors
satisfy the following condition [30],

Vi, k1, |[{vi|Ugilvi)| # 0. (40)
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Proposition 2. The set of IC-POVMs constructed from the orthogonal vectors stated in (21) are also perfectly
distinguishable in entanglement-assisted scenario but not perfectly distinguishable with single system.

Proof. We need to prove the above condition (40) implies (20). The contrapositive statement is more
obvious. Negation of (20) states that for all k, I there exists 7, j such that

Uki|vi) = ekl |vj) (41)

for some 6 depending on k, I. Since U,y = X, U1 = Z do not share any single common eigenstate, for X or
Z, (41) can hold only when i # j. Then multiplying both side of (41) by (v;|, we obtain a contradiction of
(40) either for X or Z. U

3.3.1. Examples of |vy)
For d = 2, the vectors given in equation (35) with an extra condition oo = (0, 7/2), satisfy the condition
(40) for IC-POVM. Taking o = 7/4 and 3 = cos™'(1/+/3)/2, one obtains D == 0.7887 for the respective
IC-POVMs.

For d = 3, consider the following unnormalized basis

lvo) = |1) — [2),
lu) = (1+V3)[0) + [1) +[2),
[v2) = (1= v/3)[0) + [1) + |2). (42)

This basis satisfies the condition (40) to be IC-POVM. By performing a simple optimization over four
parameters (see section 3.1.2), we get D = 0.6436 for the IC-POVMs obtained from the above vectors
in (42).

For d = 4, we consider the tensor product basis |vg) ® |vo), [vo) & |v1), [v1) @ |vg) and |v1) & |v1),
where |vg) and |v;) are given in equation (35) with a = 7/4 and 3 = cos~!(1/4/3)/2. From an
optimization over six parameters described in section 3.1.2, we find D ~ 0.622 for the respective
IC-POVMs.

For d = 2" dimension, consider the tensor product basis of the vectors given in equation (35) with
a = 7/4and B = cos™!(1/+/3)/2. We verify that the vectors constructed this way satisfy the condition of
IC-POVM given in equation (40) for r = 1,2, 3, 4, 5. Possibly the vectors may satisty the condition for any
d=2"

3.4. Advantage for (d + 1)-outcome POVMs

In the above scenario, Bob requires to perform d” measurements that grows polynomially with d. We now
show another result of similar kind, where the number of measurements on Bob’s side (or the outcome of
the POVMs that we want to distinguish) is d + 1.

Theorem 4. Given any set of orthogonal vectors {|v;) Y=} that satisfy the conditions,

) 1] i=j
)| = = (43)
=3\ vari, iz

there exists a set of d POVMs, each having d + 1 outcomes, that are perfectly distinguishable in
entanglement-assisted scenario but not perfectly distinguishable with single system. Here |j) is the computational
basis.

Proof. Let us begin by using the orthonormal vectors |v;) to introduce the following unitary matrix

-1
U=>"|ui)il. (44)
i=0
Thus, U is the unitary that takes the computational basis to the basis {|v;) }.
Let us then define the following vectors,
%) = 2" Ulx) (45)

fora=0,...,d—1and
Ing) = |x) (46)
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fora = d, wherex =0,...,d — 1 and Z is given in equation (18).
With the aid of these vectors we consider the POVM elements,

d
Mll - a a . 4
=y 1|77x><77x\ (47)

Clearly, the eigenvalues of these operators are non-negative and less than 1. Let us then show that
2o Mg = 1. To do so, we need the following relation that for any operator = = } . ¢;;|i)(j| acting on C,

d—1 d—1
SRR DR
a=0 ij a=0

= dz Ci,i|l'><l", (48)
where we have applied the following identity,

-l 0, k£0

Z W = (49)

a=0 d, k - 0

Replacing |n?) from (45) and using the above relation (48), we find

d—1 d d—1 ) d
;Mx = ﬁ; Z v Xe| (2T + d+1‘x><x|
d ) A/
= o [ i Pl + (w4 1) el | - (50)
i#x

Due to the conditions (43), the above quantity is T and hence, M¢ form a valid POVM for all x.
To show B = 1, let alice and Bob share maximally entangled state (11), and let Bob’s measurements be
given by

d+1
Ng = (e = S5 gy G
It is trivial to see that N*N* = §, vN for all a, and 3 N* = 1, thereby N* form valid projective
measurements. Following the similar method as in the proof of previous theorems we can readily show

B = 1, by taking p(x) = 1/d.
Now to check that D < 1, we first note that

d | Z%v)? a=0,...,d—1

(WIM|Y) = —— (52)
d+1 | [P, a=d,
where [1/) is an arbitrary pure state from C¢. Subsequently, we have
-1
= pmax | X max{ (120 ) + max{ [} (53
d a=0 * *
The above expression is 1, if and only if, foralla = 0,...,d — 1,
max{] (41207} = 1 (54)
and
max {|(¥]x) [} = 1. (55)

For a = 0, equation (54) implies |¢)) = |v,) for some x. In that case, max{|(v.|x)|*} cannot be one due to
X

equation (43). Hence, D < 1 which completes the proof. |

10
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3.4.1. Examplesind = 2,3,4
Let us here present exemplary sets of vectors |v,) satisfying (43) for d = 2, 3, 4.
For d = 2, we consider the following two orthogonal vectors

vy =5 (104 v3), ) =3 (V3lo) - ), (56)

which satisty the conditions given in equation (43). The optimal value of D for the measurements defined
by (45)—(47) is 5/6 (see the next subsection for a proof). This particular measurement set was proposed by
Sedlak and Ziman in reference [21].

For d = 3, consider the following set of orthogonal vectors,

1 2 2
i L2 = 2liv o, 57

where i = 0, 1,2 and the sum inside |-) is modulo 3. They readily satisfy conditions given in equation (43).
By performing an optimization over four parameters described in section 3.1.2, we find D =~ 0.698 for the
POVMs defined by (45)—(47).

For d = 4, the vectors are as follows,

o) = 210+ L1y + Ly + L)
o) = Y20 = 1+ Ly - i)
) = L0y = Ly~ Ly + B
) = L0y + L1y - L2y Ly, (59

Again, a simple optimization over six parameters yields D ~ 0.706 for the respective POVMs.

3.5. All pure two-qubit entangled states provide advantage
So far, we have employed only the maximally entangled state (11) for presenting the merit of using
entanglement-assisted scenario. Let us probe whether such merit persists if we use non-maximally
entangled states. For this purpose, we consider the pair of two-dimensional POVMs
= {M9}2_, (x = 0,1) introduced in section 3.4.1 as follows
2 2

M) = Sfeul, M= SlEEl M=

| =3 2l (59)

! 3
where |v;) (i = 0,1) are defined in equation (56) and |0;) = Z |v;). This pair is perfectly distinguishable
using the two-qubit maximally entangled state [21]. Here, we aim to show that if Alice and Bob share any
pure two-qubit entangled state, then the same pair of measurements (up to unitary rotation) can be
distinguished with higher probability than the optimal probability obtained with single systems. To this
end, we state the following theorem.

Theorem 5. For any two-qubit pure entangled state |p), there exists a set of two three-outcome POVMs such
that B? > D.

Proof. Consider the two POVM defined by the measurement operators M§ given in equation (59), where
x={0,1} and a = {0,1,2}. Here |vy), |v1) are defined in equation (56), and |0;) = Z |v;). These
measurement operators follow the construction given in equation (47) and since they all belong to the x-z
plane of the Bloch sphere, without loss of generality, we can consider the form of the state to be

[t)) = sind|0) + cosd|1), where § € [0, 7/4]. One can straightforwardly verify that for this state D
expresses as

1
D= O {4 max{cos’ §,sin* § } + max {2 — /3 5in(26) — cos(268),2 + /3 sin(29) + cos(25)}

+ max {2 — /3 sin(28) + cos(26),2 + /3 sin(28) — cos(25)}}

<7/12,
<s< /4

X (60)

3+ 2 cos(20), <9
3 + cos(28) + /3 sin(26), /12

AN =

11
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It is easy to check that the optimal value of D is 5/6 for 6 = 0 and 7 /6.
For any pure two-qubit entangled state |¢), we know that there exists two local unitary operations Uy
and Uy such that
|¢') := Ux ® Ug|p) = sin «|00) + cos a|11) (61)

for a € (0, 7/4]. To find the value of B, we first consider the non-maximally entangled state |¢’). On Bob’s
side, we then consider three projective measurements with the measurement operators given in the general
form

1
Ni= 51] + (=1)*(sin 0, cos P, + sin 0, sin ¢,0, + cos 0,0,), (62)

where 0 < 6, < mand 0 < ¢, < 27. Using the form of M¢ given in the equation (59) and for the state (61)
we have

BY = max3_p(o (¢/[M: © N0

1

— max (6 + 2 cos 0y — cos 0, — cos 0,
12 {00,01,02:00,01,¢2}

— /3 sin(2a) sin 6, cos ¢, + /3 sin(2a) sin 6; cos ¢1)

1
= — max [8 + /3 sin(2a)(sin 0; + sin 6,) — cos 6; — cos 92} . (63)
12 {0,,0,}

Using the fact that a sin t — b cos t < v/ a?> + b?, where the maximum is achievable for sin t = a/+v/a? + b?,

we find .
BY = ‘ (4 +V1+ 362) , (64)

where C = sin(2a) is the concurrence [32] of the state |¢'). Hence, B > 5/6 as C > 0 whenever the state is
entangled. Remark that for the two-qubit maximally entangled state the value is one. The optimal
observables for Bob are as follows

Ny = sin fo, — cos 0o, N, = —sin 0o, — cos o, (65)

and
N, = o, (66)

where sin 6 = \/36/\/1 + 3C2.

Subsequently, for the general state |¢), the measurement set Uy M2 Uj\ along with the Bob’s
measurement UgN, U given in equations (59) and (65) respectively, achieve the same value of B as given
in equation (64). This completes the proof. O

We finally discuss the efficacy of a class of mixed states in the above mentioned measurement
discrimination task. Let us consider the Werner state [33],

1 —
oo = plot o+ 1, (67)
where |¢) is the two-qubit maximally entangled state given in equation (11). The state (67) is entangled
for p > 1/3 and steerable for p > 1/2 [28]. If we use this state for discriminating the measurements given
in equation (59), a straight forward calculation leads to

g LEP (68)
2
Thus, the Werner state (67) provides advantage when p > 2/3. Note that the state is steerable in the range
1/2 < p < 2/3, but does not show any advantage in this particular measurement distinguishability task.
However, there may exists another measurement discrimination task for which this state provides advantage
in that range.

4. Conclusion and open problems

In this article we discuss the single-shot measurement discrimination problem for an arbitrary
d-dimensional quantum system. We introduce a framework allowing to study the problem in two scenarios:
the single-system scenario and the entanglement-assisted one. Interestingly, entangled quantum systems can

12
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provide an advantage in a measurement distinguishability task. To be precise, we provide criteria to
ascertain whether a set of measurements (projective or generalized) can be perfectly discriminated with the
aid of the maximally entangled state, but not in the single-system scenario. Furthermore, we prove that the
advantage in the entanglement-assisted scenario is a witness of steerability of the underlying quantum state.
Finally, we show that any pure two-qubit entangled state provides advantage in the measurement
discrimination task.

Let us also outline some possible directions for further research. In [14, 19], Piani and Watrous showed
that entangled states and steerable states are necessary as well as sufficient for the advantage in channel
discrimination and sub-channel discrimination task, respectively, in certain scenarios. Likewise, in
section 2.3, we show that steerability is the necessary condition for the advantage in measurement
distinguishability tasks. But, whether it is also a sufficient criteria or not, remains an open question. Since
quantum measurements are reckoned as a sub-class of quantum channels, the following conjecture certainly
enhances the previous results—for every steerable state p,p by Bob, there exists a set of quantum measurements
{M,} such that B4 > D. Alongside, one may extend the result of theorem 5 to all the pure entangled
states. Furthermore, as maximally entangled states can perfectly discriminate the measurements given in
theorems 2—4, it would be interesting to look for a set of measurements in any d such that the advantage is
unbounded, or, to be precise, 3/D increases with d. In addition, one may investigate measurements for
which the optimal probability is achieved by a non-maximally entangled states. Besides, there has been
some work on discriminating measurements without labelling the outcomes [23, 24] and hence, it would be
interesting to generalize our protocol to unambiguous measurement discrimination problem.
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Appendix. A proof

Here we show that for n = d = 2 and n = d = 3 there are no orthonormal bases in C? and C?, respectively
which satisfy the assumptions (a) and (b) of theorem 2.

Let us begin with the simpler case of # = d = 2 and consider two two-element orthonormal bases in
C? {|v), |vg)} and {|v?), |vl)}. Without any loss of generality we can assume the first basis to be the
computational one, i.e., |v}) = |i). The assumption (a) of theorem 2 imposes that also {|vJ), |v?)} and
{|vd), [v1)} are also orthonormal bases in C?, implying that up to phases [v)) = |1) and |v]) = |0). This
means that also the second basis {|v), [v])} is the computational one. Then, however, the assumption (b) is
violated.

Let us now move on to the case n = d = 3 and consider three orthonormal bases in C?, {|v0), [vl), [v2)}
with x = 0, 1, 2. As before we can assume that the first basis is the computational one, |v}) = |i). The first
assumption of theorem 2 means that {|vg), [v}), |v4)} with a = 0, 1, 2 must also be orthonormal bases in
C. It is not difficult to see that the most general form of the vectors [v?) compatible with this requirement
is given in the table below,

x=0 |0) 1) 2)
x=1 al)+b2)  plo)+ql2) 510) — #1)
x=2 b)) —a2) ¢'|0)-p*2) #]0) —s1)

13
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where a, b, p, q,s,t € C. We additionally need to impose that the vectors in the second and the third row of

this table are pairwise orthogonal. It is, however, fairly easy to see that this last requirement can only be met
if all the vectors |v?) are actually elements of the computational basis of C*. But then, as before, the second

assumption of theorem 2 cannot be met.
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