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In quantum information processing, the quality of photon system is decreased by the inevitable inter-
action with environment, which will greatly reduce the efficiency and security of quantum information
processing. In this paper, we propose hyperentanglement-assisted hyperdistillation schemes to guaran-
tee the quality of hyper-encoding photon system based on the method of quantum hyper-teleportation,
which can increase the success probability of hyperdistillation and reduce the resource consumption.
First, we propose a hyperentanglement-assisted single-photon hyperdistillation (HASPHD) scheme for
polarization and spatial qubits to get rid of the vacuum state component caused by transmission
loss, whose success probability can achieve the optimal one by increasing the efficiency of quantum
hyper-teleportation. Subsequently, we present two hyperentanglement-assisted hyperentanglement dis-
tillation (HAHED) schemes for photon system to protect hyperentanglement from both transmission
loss and quantum channel noise, which can recover the less-entangled mixed state to maximally hyper-
entangled state for known-parameter and unknown-parameter cases with high success probability and
low resource consumption. In these hyperdistillation schemes, the influence of imperfect effects of op-
tical elements can be largely decreased by the quantum hyper-teleportation method. These characters
make the hyperentanglement-assisted hyperdistillation schemes have potential application prospects
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in practical quantum information processing.
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1 Introduction

Quantum information process, e.g., quantum communica-
tion process or quantum computation process, is an amaz-
ing information process by using quantum mechanics the-
ories to improve its security and speed. Photon system is
an important information carrier in quantum communica-
tion [1], due to its high-speed, manipulability, and high-
capacity [2] properties, and it can be used in quantum
key distribution [3-6], quantum teleportation [7], quan-
tum dense coding [8, 9], quantum secret sharing [10, 11],
quantum secure direct communication [12-18], and some
other schemes. Photons have multiple degrees of free-
dom (DOFs), containing polarization DOF, momentum
DOF, time-bin DOF, frequency DOF and orbital angular
momentum DOF, and they can be entangled in multi-
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quantum channel noise, quantum communication,

ple DOFs simultaneously, which refers to hyperentangle-
ment and has been experimentally demonstrated in many
types [19-25]. In the practical long-distance quantum
communication processing, the efficiency and distance of
communication and the security and integrity of infor-
mation will be limited and reduced by the transmission
loss and quantum channel noise. For instance, the trans-
mission loss caused by the optical fiber attenuation and
imperfect photon detectors may lead to vacuum state com-
ponent, and the quantum channel noise will transform
the maximally (hyper)entangled state to partially (hy-
per)entangled state or mixed (hyper)entangled state.

In order to overcome the transmission loss problem,
Ralph and Lund [26] first introduced the concept of
heralded amplification based on quantum teleportation
model. Since then, a lot of theoretical works [27, 28]
and experimental works [29, 30] have been presented for
heralded amplification, including heralded amplification
for photon qubit. The qubit amplifier can be used to
overcome the problem of channel loss in device indepen-
dent quantum key distribution (DI-QKD) [27, 28, 31] and
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device-independent quantum secure direct communication
(DI-QSDC) [32], which can increase the communication
distance of DI-QKD and DI-QSDC. The noiseless linear
amplification can also be used to protect single-photon en-
tanglement from photon transmission loss [33-36]. More-
over, the hyperdistillation schemes based on amplifica-
tion [37-40] have also been proposed for protecting spatial-
mode-polarization hyperentangled state from photon loss.

In order to overcome the quantum channel noise
problem, (hyper)entanglement purification and (hy-
per)entanglement concentration are introduced to im-
prove the fidelity of the (hyper)entangled system de-
graded by the quantum channel noise. Entanglement
(hyperentanglement) purification is introduced to dis-
till high-fidelity (hyper)entangled state from mixed (hy-
per)entangled state [41-52]. Entanglement (hyperentan-
glement) concentration is introduced to distill maximally
(hyper)entangled state from partially (hyper)entangled
state [53]. Since the first entanglement concentration pro-
tocol was proposed by Bennet et al. using collective mea-
surement [53], many entanglement concentration proto-
cols have been proposed for photon system using linear op-
tical elements [54-58] and nonlinear optical elements [59—
63], and some of the entanglement concentration proto-
cols have been demonstrated experimentally using linear
optical elements [54, 55]. Hyperentanglement concentra-
tion protocols [64-72] have also attracted much attention
for recovering the partially hyperentangled state to maxi-
mally hyperentangled state with certain success probabil-
ity.

In this paper, we propose hyperentanglement-assisted
hyperdistillation schemes for protecting hyper-encoding
photon system from transmission loss and quantum chan-
nel noise using quantum hyper-teleportation method,
which can increase the success probability of hyperdis-
tillation and reduce the resource consumption. First, we
propose a hyperentanglement-assisted single-photon hy-
perdistillation (HASPHD) scheme for polarization and
spatial qubits to get rid of the vacuum state component
caused by transmission loss, where the success probability
of HASPHD scheme can reach the optimal one by enhanc-
ing the efficiency of quantum hyper-teleportation. Then,
we show that the quantum circuit of HASPHD scheme
can be directly used in hyperentanglement-assisted hy-
perentanglement distillation (HAHED) scheme for less-
entangled mixed state with known parameters to increase
the success probability of recovering the less-entangled
mixed state to maximally hyperentangled state. More-
over, the HAHED scheme for less-entangled mixed state
with unknown parameters can also be implemented easily
using quantum hyper-teleportation method with high suc-
cess probability and low resource consumption. In these
hyperentanglement-assisted hyperdistillation schemes, the
quantum hyper-teleportation method can depress the im-
perfect effects of optical elements on the final quantum
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states of these schemes. All these characters make these
schemes have potential application prospects in quantum
information process and quantum network.

2 Hyperentanglement-assisted single-photon
hyperdistillation for polarization and
spatial qubits

In quantum communication process, the photon is initially
prepared in the state |¢) = (a|H)+B|V))a(y]a1) +dlaz)),
where the four parameters are real for simplicity and sat-
isfy the normalization condition |a|? +|8]? = |y|* + |6]? =
1. The states |H) and |V) represent the horizontal po-
larization component and vertical polarization compo-
nent of a photon, and the states |a1) and |ag) repre-
sent the two spatial modes of the photon A. If Alice
sends the photon to a remote party Bob by the lossy
quantum channel, the state of the photon may decay
to po = (1 — Py)|vac){vac| + Pyle){p| by the inevitable
transmission loss. Here |vac) represents the vacuum state
caused by the transmission loss, and Py represents the
fidelity of the state |¢) in mixed state pg.

In order to increase the fidelity of the state |¢), a
HASPHD scheme for polarization and spatial qubits is
introduced using quantum hyper-teleportation method.
Here we choose a four-photon system BCDE in the hy-
perentangled Greenberger—Horne—Zeilinger (GHZ) state
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Fig. 1 The schematic diagram of hyperentanglement-
assisted single-photon hyperdistillation scheme. BS represents
a 50:50 beam splitter. PBS represents polarization beam split-
ter, and it is used to transmit horizontal polarization compo-
nent |H) and reflect vertical polarization component |V) of
a photon, where the spatial modes of the photons transmit-
ted through PBS are supposed to be invariant and the spatial
modes of the photons reflected by PBS are supposed to be
changed. HWP represents half-wave plate, which can perform
Hadamard operation on the polarization DOF of the photon.
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H¢>BCDE = %(|HHHH> + |VVVV>)BCDE(|b101d161> +
|bacadaes))] as an auxiliary to implement the HASPHD
scheme. (Other type of hyperentangled state as auxiliary
is discussed in Section 4.) The setup of HASPHD assisted
by hyperentangled GHZ state is shown in Fig. 1. It has
ten input ports (marked by aq, ag, b1, ba, ¢1, ca, di, da, €1
and eg) and two output ports (marked by e; and es), and
it consists of polarization beam splitter (PBS), 50:50 beam
splitters (BSs), half-wave plates (HWPs), and photon de-
tectors. PBS can perform the polarization parity-check
measurement on the two photons A and B, where the
spatial modes of the photons transmitted through PBS
are supposed to be invariant and the spatial modes of the
photons reflected by PBS are supposed to be changed. BS
can perform Hadamard operation on the spatial DOF of
the photon. HWP can perform Hadamard operation on
the polarization DOF of the photon. Photon detectors
can select the successful cases.

The initial state of the five-photon system ABCDE
can be described as pg ® |¢)popr(¢|. Bob first lets the
wave packets in spatial modes |ay), |az), |b1) and |b2) pass
through PBS, and he postselects the cases that the polar-
ization state of the photon system AB is in the even-parity
mode (|HH) or |[VV)) and the spatial states of two-photon
systems AC and BD are both in even-parity mode (|a;cy)
or |ages), |bidy) or |bads)), where four photon detectors are
triggered (i.e., only one photon can be detected in one of
the spatial modes |l,,) and |I,,), mn = 13,24,57,68). The
postselected state of five-photon system ABCDE is

|(I)1> = (a\HHHHH> + B|VVVVV))(’y|a1blcld161>
+6|a2b202d262>). (1)
Then, Bob lets the wave packets in spatial modes |a; ),

la), |b1), |b2), |c1), |c2), |d1) and |d2) pass through four
BSs, respectively, which can make

b = 5 (3= )ow = (R =18,
0, = 5+ 800). [0 = =R+ ).
s = 5K+ ) K)ey = 5 (K 418,
K = 5o~ k1), ) = (1R =), (2

where k represents the polarization mode (H or V) of
a photon. After the wave packets in spatial modes pass
through four BSs, the postselected state is changed to

[2) = LAl HHHHH) + BVVVVV)(ll) 1)

(1) + [l2)) (1) + 1i3))(lls) — [Is))]ex) + 0(|lx)
—13))(le)+1ls)) (Il2) +[1a)) (Ils) —[I7))le2)]}. (3)
Finally, Bob lets the photons ABC D pass through eight
HWPs [[H) — —S(|H) +[V)), [V) = S5 (H) = [V))],
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respectively. Then, the postselected state of five-photon
system ABC DFE will be changed to

|@3) = %{[a(lm +IVOUH) + [V)(H) + [V)(1H)

HVDIH)+B(H)—[V)(IH) = [V)([H)—[V))
([H) = [V)IVIv([l2) = [1a))([l5) + 1I7)([11)
Hiz)) ([le) —|ls))er) +0([l1) —l3))(|l6) +1s))

(Il2) + (1)) (|l5) — [l7))]e2)]}- (4)

Bob measures the photons ABCD in the eight output
modes (|l1), [l2), |I3), [l1), [ls), [ls), [l7) and [ls)).
According to the postselection rules, the successful cases
of the HASPHD scheme are shown in Table 1. There are
four groups in Table 1. In the first group, the polariza-
tion states of two-photon systems AC and BD are in the
same parity mode, and the spatial states of two-photon
systems AC' and BD are in the same parity mode. Here,
the polarization modes |[HH) and |VV) (|HV) and |V H))
are defined as even (odd) parity mode, and the spatial
modes |l1l2>, |l5l6>, |lgl4> and |l7lg> (|lll4>, |lglg>, |l5lg>
and |l7lg)) are defined as even (odd) parity mode. After
the photons ABCD are detected, the state of photon E
is transformed to |pg) = (a|H) + B|V))(v]e1) + dlea)),
which is the initial photon state without vacuum state. In
the second group, the polarization states of two-photon
systems AC' and BD are in different parity modes, and
the spatial states of two-photon systems AC and BD are
in the same parity mode. After the photons ABCD are
detected, the state of photon E is transformed to |p}) =
(a|H) — B|V>)(7|61> +4le2)), and a polarization phase-flip
operation o = |H)(H| — |V)(V| is required to perform
on photon E to obtain the state |©og). In the third group,
the polarization states of two-photon systems AC and BD
are in the same parity mode, and the spatial states of two-
photon systems AC and BD are in different parity modes.
After the photons ABC'D are detected, the state of photon
E is transformed to |¢%) = (a|H) + B|V))(’y|el> —dlea)),
and a spatial phase-flip operation o = |e1){e1| — |e2)(es]
is required to perform on photon F to obtain the state
|og). In the fourth group, the polarization states of two-
photon systems AC and BD are in different parity modes,
and the spatial states of two-photon systems AC and BD
are in different parity modes. After the photons ABCD
are detected, the state of photon E is transformed to
loh) = (alH) - 5|V>)( le1) — dle2)), and polarization

phase-flip operation ol

S are required to perform on photon F to obtain the

state |og).

If only three photon detectors are triggered or the pho-
tons ABCD are detected in the other cases, the HAS-
PHD process is failed, and these cases should be removed.
Therefore, the success probability of the HASPHD scheme

Py

assisted by hyperentangled GHZ state is 2.

and spatial phase-flip operation
o
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Table 1 The relationship between the successful measurement results and conditional operations on photon F in HASPHD
scheme (or HAHED scheme for less-entangled mixed state with known parameters).

Parity detection of polarization state

Parity detection of spatial state

Operation (E)

(AC and BD) (AC and BD)
even (AC), even (BD); odd (AC), odd (BD) even (AC), even (BD); odd (AC), odd (BD) I
even (AC), odd (BD); odd (AC), even (BD) even (AC), even (BD); odd (AC), odd (BD) af
even (AC), even (BD); odd (AC), odd (BD) even (AC), odd (BD); odd (AC), even (BD) as
even (AC), odd (BD); odd (AC), even (BD) even (AC), odd (BD); odd (AC), even (BD) ol o8

3 Hyperentanglement-assisted polarization-

spatial hyperentanglement distillation

In long distance quantum communication, the maxi-
mally hyperentangled photon systems (e.g., hyperentan-
gled state [) aar = 3(|[HH) +|VV))(la1a}) +|azah))) are
prepared locally by Alice. In order to establish the quan-
tum channel, Alice will transmit one photon of hyper-
entangled photon system (e.g., photon A) to the remote
party Bob through the lossy channels with the transmis-
sion coefficients of T} and Ty for two spatial modes, re-
spectively (0 < T3 < 1 and 0 < T5 < 1). Therefore, the
maximally hyperentangled photon system may be influ-
enced by the decoherence caused by transmission loss and
channel noise, and the maximally hyperentangled state
|y aa» would deteriorate to less-entangled mixed state
p2 = Pi[th1) (1| + (1 — Py)p1, where

[P1) =
p1 = (P|H)(H|+ BV)(V])]

(alHH) + BIVV)) ® (v|aray) + dlazas)),
1-T

1-T)+(1—-Ty)

1-1T,
I / !/ !/
|a1><a1| + (1 _ Tl) + (1 _ TQ) ‘a2><a2‘]
® |vac) 4 (vac],
T+ T
P = % (5)

T17;1T2 and \/%’
respectively. The correlation between the transmission
coefficient T; and the transmission length s; can be
described by T; = 107%0%/10 (qy =0.2dB/km, i =
1,2). If we know the length of each quantum chan-
nel, we could calculate the values of T7 and T5. In or-
der to depress the effects of transmission loss and chan-
nel noise on hyperentangled photon system, we introduce
two hyperentanglement-assisted hyperentanglement distil-
lation (HAHED) schemes in this section, which can re-
cover the less-entangled mixed state ps to maximally hy-
perentangled state with high success probability and low
resource consumption.

Here, the parameters v and § are \/
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3.1 HAHED scheme for less-entangled mixed state with

known parameters

We first introduce a HAHED scheme for less-entangled
mixed state with parameters «, §, 7 and J known to
the remote users Alice and Bob, where the four param-
eters can be obtained by measuring a large number of
sample states [56-58]. In order to obtain the maximally
hyperentangled state [1)) 44/ from the mixed hyperentan-
gled state po, a four-photon system BCDE in the par-
tially hyperentangled GHZ state |¢)')gcpp is chosen as
an auxiliary, which can increase the success probability
and depress the resource consumption of HAHED scheme
in linear optics. Here,

W sepe = (BJHHHH) 4+ o|[VVVV))(8|bicrdier)
+’7|b202d262>). (6)

The HAHED scheme for less-entangled mixed state
with known parameters can also be implemented by us-
ing the quantum circuit shown in Fig. 1. The initial
state of six-photon system A’ABCDE can be written as
p2 @ [V pepre(¥'|. Bob first lets the spatial modes |ay),
laz), |b1) and |bs) pass through PBS, and he postselects
the cases that the polarization state of the photon system
AB is in the even-parity mode and the spatial states of
two-photon systems AC and BD are both in even-parity
mode with four photon detectors triggered (i.e., only one
photon can be detected in one of the spatial modes |i,,)
and |l,), mn = 13,24,57,68). The postselected state of
six-photon system A’ABCDE is

1
|01) = J(HHHHHH) + [VVVVVYV))

(|a’1a1b101d161> + |a'2a2b202d262>). (7)

Subsequently, Bob lets the spatial modes |a1), |az), |b1),
|b2), |c1), |e2), |d1), and |d2) pass through BSs and HWPs.
The postselected state of six-photon system evolves to

P2) = S AL(H) +V)(H) + [V))(IH) + [V)(H)
HVDIHH) + ([H) = [V)(IH) = [V)(|H)
—[V)H) = VDIVV)] @ [([T2) = |La))(lls)

Peng Wang, et al., Front. Phys. 17(8), 31501 (2022)
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7)) (1) + [13))([l6) — lls))larer) + (|11)
—[13))(Ils) = |l7))([l2) + |14))(|l6) + |1g))
|agea)]}. (8)

At last, Bob measures the photons ABCD in the eight
output modes (|ll>, |l2>, |l3>, |l4>, |l5>, |lﬁ>, |l7> and
[Is)). The successful cases of this HAHED scheme is the
same as the HASPHD scheme as shown in Table 1. In
the first group, the two-photon system A’E can be pro-
jected to the maximally hyperentangled state |[¢)ap =
s(|HH) + |VV))(|laje1) + |abez)). In the other groups,
polarization phase-flip operation 05 or spatial phase-flip
operation o2 has to perform on photon E to obtain the
maximally hyperentangled state |¢) 4.

If only three photon detectors are triggered or the pho-
tons ABCD are detected in the other cases, the HA-
HED process is failed, and these cases should be removed.
Therefore, the success probability of the HAHED scheme
assisted by partially hyperentangled GHZ state |¢') pepr
is 4P |afvy0|?.

3.2 HAHED scheme for less-entangled mixed state with

unknown parameters

If the parameters «a, 3, v and ¢ are unknown to the two
remote users Alice and Bob, another nonlocal photon pair
B’C’ in the less-entangled mixed state ph = Py |¢])(¥]] +
(1 — Py)p) is required to complete the HAHED scheme.
Here,

1) = (alHH) + BIVV)) & (y]bhch) + 6]bycs)),
P = (?[H)(H| + B%|V)(V])
1-Ty

v (1-T)+(1-T1) b1y
1-1T, N
" (1-T1)+(1-T13) 102} 0
® |vac) o (vacl). (9)

The two photons B’ and C’ are obtained by the two re-
mote users Alice and Bob respectively. The quantum
circuit of HAHED for less-entangled mixed state with
unknown parameters is shown in Fig. 2, where the am-
plification and concentration processes are performed si-
multaneously to increase the success probability and only
one auxiliary hyperentangled GHZ state (|¢)popr =
%(‘HHHH) + ‘VVVV))BCDE<‘b101d1€1> + |b202d2€2>>)
is required to depress the resource consumption. The
initial state of eight-photon system A’B'C'’ABCDE is
p2 @ py @ |9)popE (P

First, Alice and Bob perform the bit-flip operations on
the polarization and spatial states of two photons B’ and
C’ respectively as shown in Fig. 2. Then, Alice puts the
spatial modes |a}), |ab), |b}) and |bS) into PBS in Fig. 2(a),
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Fig. 2 The schematic diagram of hyperentanglement-
assisted hyperentanglement distillation for less-entangled
mixed state with unknown parameters. (a) The opera-
tions performed by Alice. (b) The operations performed by
Bob. HASPHD represents hyperentanglement-assisted single-
photon hyperdistillation shown in Fig. 1. Rgo represents a
half-wave plate, which is used to perform a polarization bit-
flip operation o = |H)(V| + |V)(H| on the photon.

and Bob puts the spatial modes |a;) and |¢}) into the PBS
of HASPHD in Fig. 2(b), where the principle of HASPHD
is introduced in Section 2. Here |¢}) is put into HASPHD
by the input port as in Fig. 1. Alice postselects the cases
that the polarization state of the photon system A’B’ is in
the even-parity mode (one photon can be detected in one
of the spatial modes |I}) and |I5)), and Bob postselects the
successful cases of the HASPHD (the polarization state of
the photon system AB is in the even-parity mode and the
spatial states of two-photon systems AC and BD are both
in even-parity mode with four photon detectors triggered)
and the cases that one photon can be detected in one of
the spatial modes |I5) and |I}). The postselected state of
eight-photon system A’B'C'ABCDE is

1
W) = S(HHHHHHHH) + |VVVVVVVV))

X (|a'1bllc'1a1b101d161) + \a’zbécéagbgczdgeg».
(10)

Subsequently, Alice and Bob put the photons into BSs
(BSs in Fig. 2 and HASPHD), which can make

)y %um—wm ) ay— %um—wm
ey — %umh—mng),
)y — %(Ikhﬁlkh;)- (11)

eight-photon

ke — %<|k>lg+|k>lg>,
oy — %ukm—m;),

The postselected state of
A'B'C'ABCDE is changed to

system

1
W) = J((HHHHHHHH)+|VVVVVVVV)

later)(ll2) — (L) (117) — 1)) (115) + [14))
(ITs) + 1)) (111) + [13)) (1l6) — |ls)) + lagez)

Peng Wang, et al., Front. Phys. 17(8), 31501 (2022)
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Table 2 The relationship between the successful measurement results and conditional operations on photon E in HAHED
scheme for less-entangled mixed state with unknown parameters.

Parity detection of polarization state Parity detection of spatial state Operation (E)
De AC (BD) De AC (BD)
even even (even), odd (odd) even even (even), odd (odd)
even even (even), odd (odd) odd even (odd), odd (even) I
odd even (odd), odd (even) even even (even), odd (odd)
odd even (odd), odd (even) odd even (odd), odd (even)
even even (odd), odd (even) even even (even), odd (odd)
even even (odd), odd (even) odd even (odd), odd (even) of
odd even (even), odd (odd) even even (even), odd (odd)
odd even (even), odd (odd) odd even (odd), odd (even)
even even (even), odd (odd) even even (odd), odd (even)
even even (even), odd (odd) odd even (even), odd (odd) s
odd even (odd), odd (even) even even (odd), odd (even)
odd even (odd), odd (even) odd even (even), odd (odd)
even even (odd), odd (even) even even (odd), odd (even)
even even (odd), odd (even) odd even (even), odd (odd) ol of
odd even (even), odd (odd) even even (odd), odd (even)
odd even (even), odd (odd) odd even (even), odd (odd)
(It5) = [22)) (113 +115)) (1) — [13)) (|16} + |1s)) s([HH) + [VV))(lale1) + |ajez)). In the other groups,
(|l2) + 1)) (|T5) — [17)]}- (12) polarization phase-flip operation ol or spatial phase-flip

Then, Alice and Bob let the photons pass through
HWPs (HWPs in Fig. 2 and HASPHD), respectively. The
postselected state of eight-photon system A’B'C’ ABCDE
is changed to

W) = 1;8{[|1'”1’>(|H>+|V>)(|H>+|V>)(|H>+|V>)
(HH) + V) (H) + [V))([H) + V) + [VV)
(HH) = [V)(H) = [V)([H) = [V))([H) = [V))
(1H) = [V)(IH) = [V))]llatea)(ll2) — [14))

(175 = 112))(I15) + 113)) (1) + 1)) (|11) + lIs))
(I
(I

) = )
l) — |1s)) + lage2) (|l5) — [13))(|l
)= |ls)

|
1+ 1))
i) = |13))(ll6) + 118))(|l2) + [14))(]

ls) = [l2)]}-
(13)

Finally, Alice and Bob measure the photons in the
twelve output modes (]11), |15), |I5) and |l}) in Fig. 2,
and |l1>, |l2>, ‘l3>, ‘l4>, |l5>, |ls>, |l7> and |l8> in HAS-
PHD). According to the postselection rules, the successful
cases of this HAHED scheme is shown in Table 2. Here,
the spatial states |I115) and [I50}) (|I1l}) and |I51%)) are
defined as even (odd) parity mode, and De represents
the measurement result of the spatial modes |I}), |1}),
[15) and |I}). There are four groups in Table 2. In the
first group, the state of two-photon system A’E is trans-
formed to the maximally hyperentangled state |pa g) =
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operation o2 has to perform on photon E to obtain the
maximally hyperentangled state |pa/g).

If only three or four photon detectors are triggered in
Fig. 2(b) or the photons B’C' ABCD are detected in the
other cases, the HAHED process is failed, and these cases
should be removed. Therefore, the success probability
of the HAHED scheme assisted by hyperentangled GHZ

state |¢) pcpr is P?laBy6|%.

4 Discussion and conclusion

In this paper, we present hyperentanglement-assisted hy-
perdistillation schemes for protecting hyper-encoding pho-
ton system form transmission loss and quantum chan-
nel noise using quantum hyper-teleportation method. In
fact, hyperentangled Bell state is the simplest resource
for quantum hyper-teleportation, with which the vacuum
state component caused by transmission loss can be elim-
inated by single-photon-trigger case in the hyperentan-
gled Bell state measurement process of quantum hyper-
teleportation. So far, the efficiency of quantum hyper-
teleportation using hyperentangled Bell state is not high
enough in experiment [73]. Therefore, we choose hyper-
entangled GHZ state, which has potential to be gener-
ated in experiment [74, 75] and can increase the success
probability of quantum hyper-teleportation to 25% in lin-
ear optics, to implement the HASPHD scheme with the
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succuss probability of %. If the efficiency of quantum
hyper-teleportation is increased to 100% [76], the succuss
probability of HASPHD scheme can achieve Py, which is
the optimal succuss probability to eliminate the vacuum
state component caused by transmission loss.

In HASPHD scheme, the transmission coefficients of
lossy quantum channel for two spatial modes are sup-
posed to be Ty = Ty, = T'. If the transmission coefficients
are T7 # T5, the state of the single photon may decay
to py = (1 — Pj)|vac)(vac| + Pjl¢’){¢’| by the inevitable
transmission loss, where

2Ty
’)/2T1 + 62T2

’Yle + (52T2 @21,

Pé = ’Y2T1 + (52T2.

") = (el H) + BIV)) |a1)

(14)

If the transmission coefficients T7 and 75 are known, the
HASPHD scheme can be completed by changing the pa-
rameters of auxiliary hyperentangled GHZ state as shown
in Section 3.1. If the transmission coefficients 17 and 15
are unknown, the HASPHD scheme can also be completed
by the method shown in Section 3.2.

The HASPHD process is important for HAHED
schemes. In the previous hyperentanglement distillation
scheme with only hyperentanglement concentration pro-
cess [64], if the transmission loss is happened in quan-
tum channel, the wight of vacuum state will be increased
after this hyperentanglement distillation process, so the
final state of the scheme will become mixed hyperentan-
gled state instead of maximally hyperentangled state. The
fidelity of hyperentangled state after the hyperentangle-
ment distillation with only hyperentanglement concentra-
tion process (for the case with unkonwn parameters) is
expressed as

To(T1 + T2)
To(Ti +T2) + To(2 =Ty — To) +4(1 = Th)(Th + 1)

(15)

P =

The relationships of the fidelities of hyperentangled states
after (before) the hyperentanglement distillation processes
vs transmission coefficient T (77 = T = T') are shown in
Fig. 3. P, represents the fidelity of hyperentangled state
in the initial state po before hyperentanglement distilla-
tion. P represents the fidelity of hyperentangled state in
final state after hyperentanglement distillation with only
hyperentanglement concentration process. P’ represents
the fidelity of hyperentangled state in final state after HA-
HED process. In Fig. 3, it is obvious that the fidelity
of hyperentangled state in final state is significantly de-
creased after hyperentanglement distillation with only hy-
perentanglement concentration process. Therefore, it is
necessary to use HASPHD to remove the vacuum state,
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Fig. 3 The relationships of the fidelities of hyperentangled
states after (before) the hyperentanglement distillation pro-
cesses vs transmission coefficient T' (71 = 1> = T). Pi rep-
resents the fidelity of hyperentangled state in the initial state
p2 before hyperentanglement distillation. P represents the fi-
delity of hyperentangled state in final state after hyperentan-
glement distillation with only hyperentanglement concentra-
tion process. P’ represents the fidelity of hyperentangled state
in final state after HAHED process.

which will improve the fidelity of hyperentangled state.
In HAHED scheme, the vacuum state can be completely
removed together with the hyperentanglement concentra-
tion process, so the fidelity of hyperentangled state in fi-
nal state is P’ = 1, which means the less-entangled mixed
state is recovered to maximally hyperentangled state.

In the hyperentanglement distillation scheme with only
hyperentanglement concentration process [64], the success
probabilities are 4|87|? (|3] < |a| and |y| < [§] with
parameter-splitting method) and 4|aB7y6|? for known-
parameter and unknown-parameter cases, where the vac-
uum state component can not been removed. In order
to remove the vacuum state component simultaneously,
HAHED schemes are introduced with lower success prob-
abilities S; = 4P;|aBv5|? and Sy = P?|aB~6|? for known-
parameter and unknown-parameter cases, where the de-
crease of success probabilities is caused by the process
of removing the vacuum state component. The HAHED
scheme is not the simple combination of HASPHD and hy-
perentanglement concentration. For instance, in the pre-
vious hyperdistillation protocol for amplification [37], the
vacuum state component in hyperentangled mixed state
can be completely eliminated with the success probability
of %7 but the channel noise effect can not be depressed. In
order to depress the channel noise effect and recover the
less-entangled state to maximally hyperentangled state,
the hyperentanglement concentration process should be
performed after the amplification process, and the success
probabilities are S3 = P1|87|? (|8] < |a] and |y| < |§] with
parameter-splitting method [64]) and Sy = P?|aB~6|?/4
for known-parameter and unknown-parameter cases, re-
spectively, where the vacuum state component caused by
the inefficient detection in parameter-splitting method can
not be removed and more resources are required for re-
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(b)0.81
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Fig. 4 The relationships of the success probabilities of hy-
perdistillation schemes vs parameters of less-entangled state.
(a) The success probabilities of hyperdistillation schemes vs
|8]? with 71 = 0.9 and T> = 0.8. (b) The success proba-
bilities of hyperdistillation schemes vs transmission coefficient
Ty =Te =T with |3]> = 0.4.

moving vacuum state components of two copies of less-
entangled state in unknown-parameter case. In our HA-
HED schemes, the HASPHD and hyperentanglement con-
centration processes are performed simultaneously using
quantum hyper-teleportation method, which has largely
increased the success probability of recovering the less-
entangled state to maximally hyperentangled state and
reduced the resource consumption. The relationships of
the success probabilities of hyperdistillation schemes vs
parameters of less-entangled state are shown in Fig. 4.
It is obvious that the success probabilities of recover-
ing the less-entangled state to maximally hyperentangled
state can achieve S5 = 4P;|8v]? (|8] < |a| and |y| < |d]
with parameter-splitting method) and Sg = 4PZ|aBv5|?
for known-parameter and unknown-parameter cases with
the efficiency of quantum hyper-teleportation increased to
100%. In order to achieve the optimal succuss probabili-
ties and reduce resource consumption, the HASPHD and
hyperentanglement concentration processes should be per-
formed simultaneously using quantum hyper-teleportation
method as introduced in HAHED schemes instead of
amplification-concentration method.

In the HAHED schemes, we suppose the maximally hy-
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perentangled photon system is prepared locally by Alice,
where only one photon of hyperentangled photon system
will be transmitted to the remote party Bob through the
lossy and noisy channel. If the hyperentangled photon
source is prepared by Charlie, who is located in the middle
point of Alice and Bob, the two photons of hyperentangled
photon system will both be transmitted to Alice and Bob
by the lossy and noisy channels to establish the quantum
channel. Suppose that the transmission coeflicients of the
channels for spatial modes a1, as, a}, and a, are Ty, Ts,
T3, Ty, (0<T; <1,j=1,2,3,4), respectively. Then the
state |1ha4/) will become a mixed hyperentangled state
containing the vacuum state component,

p3 =n1|T1) a4 (T1| +n2p4 + n3p5 + nalvac) a4 (vac|,

(16)
where
T1)aar = (a|HH)+B|VV)) @ (¢|aral) +0]azas)),
p1 = (Q2[H) + B|V))[9%|ar){as] + ¢*|az){az]]
® |vac) ar {(vac],
ps = (?[H) + B2|V))[r?[ay){ar] + p?]ad) (a5]]
® |vac) 4 (vacl. (17)

_ T1T2 — T3T4
The parameters are € = 4/ Tt 0=/ TiTod 15T

19*\/ Ty (1-T3) L*\/ T3(1—Ty) o
- Ty (1-T2)+T5(1-Ty4)* © — Ty (1—T2)+T3(1—T3)°

\/ (1-T1)T> o \/ (1—T5)T,
A-Lt(1-T)T: M = A-—T ) Ta+(-T5)Ts° M

L5 + ToTy), m2 = 3[(1 — T3)Th + To(1 — Ty)], n3 =
iT3(1—Ty) + Tu(1 — To)] and my = 3[(1 = T1)(1 — T3) +
(1 —T3)(1 — Ty)], respectively, and the coefficients satisfy
the normalization relation as 71 + 72 + 713 + 14 = 1. In
this situation, the HAHED schemes can also be used to
recover the less-entangled state ps to maximally hyper-
entangled state, where Alice has to perform an additional
HASPHD (in Fig. 1) on photon A’ to remove the vac-
uum state component of photon A’ besides the operations
in Fig. 1 and Fig. 2, and the success probabilities will
become 1;|aBef|? and ni|aBed|?/4 for known-parameter
and unknown-parameter cases. If the efficiency of quan-
tum hyper-teleportation is increased to 100%, the success
probabilities of recovering the less-entangled state to max-
imally hyperentangled state can achieve 4n;|8v]* (]3] <
|a| and |y| < |6| with parameter-splitting method) and
4n?|aBv8|? for known-parameter and unknown-parameter
cases.

In hyperdistillation schemes, the efficiencies of linear
optical elements (e.g., PBSs, BSs and HWPs) are always
assumed to be perfect (approximate to 100%). However,
in a practical condition, the linear optical elements do
not work in an ideal condition, and the imperfect linear
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optical elements will affect the final result of hyperdistil-
lation protocol. In our scheme, hyperdistillation protocol
is based on quantum hyper-teleportation, and there is no
operation performed on the photon E except conditional
operations at last. Therefore, the imperfect linear optical
elements cause little effects on the final result of our pro-
tocol, and the vacuum state can be completely removed.

In summary, we proposed hyperentanglement-assisted
hyperdistillation schemes to protect the hyper-encoding
photon system from transmission loss and channel noise
using quantum hyper-teleportation method, which can in-
crease the success probability of hyperdistillation and re-
duce the resource consumption. In HASPHD scheme, the
vacuum state component casued by transmission loss can
be eliminated completely with high success probability by
enhancing the efficiency of quantum hyper-teleportation.
In the two HAHED schemes, the less-entangled mixed
state can be recovered to maximally hyperentangled state
with high success probability and low resource consump-
tion. As the quantum hyper-teleportation method is
adopted to depress the imperfect effects of optical el-
ements on the final result, these hyperentanglement-
assisted hyperdistillation schemes have potential applica-
tion prospects in the field of practical quantum informa-
tion processing.
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