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|. Quantum nonlocality
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Quantum information: pure states

Information: probability distributions

Classical bits
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Quantum information: pure states

Information: probability distributions

Classical bits
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Information: vectors in a Hilbert space

Quantum bits (qubits)
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Quantum information: pure states

Special feature:

Separable
I
Ad A B

|w>AB — H\)A ® |¢>B
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Quantum Entanglement
[A. Einstein, B. Podolsky, N. Rosen, 1935]

Entangled

Q’\/\/\/\/;/O
Aﬂ # B

®) g+ R 5
) 4y = DaBlatb I



Quantum information: pure states

Different computation rules:

Secret key distribution

Search unstructured data

Factor integers

Device-independent security

* Random number generation

CERN 22/04/2026

Quantum Advantage @
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[A. Eckert (1991)]

[L. Grover (1996)]

[P. Shor (1997)]

[A. Acin et al (2007)]

[S. Pironio et al (2010)]



Nonlocality
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Nonlocality

1 ‘ p(ablzy) = p(alz) p(bly)
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Nonlocality

T )\/ﬁ&l‘) plablzy) = 3, Aip(alz, i)p(bly, i)
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Nonlocality

Local Correlations

T )\/ &T plablzy) = 3, Aip(alz, i)p(bly, i)

£ A o8B
]

X
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Nonlocality

Local Correlations

Ty \Az\) plablay) = 3, Nip(ala, )p(bly, i

Non-Local Correlations [J-Bell 1964]

A B p(ablzy) £ 3, Aaplalz, )p(bly, i)
—
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Nonlocality

Local Correlations

Ty \AT plablay) = 3, Nip(ala, )p(bly, i

Non-Local Correlations [J-Bell 1964]

£ A @ | . .
) p(ab|:cy) #* Zz )\Zp(a|£13, Z)p(b|ya Z)
‘ | Example: classical communication
T Yy . N\

"4 [Toner & Bacon, 2003]
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Nonlocality

Space-like separated

CERN 22/04/2026

Time

Local Correlations

plablzy) = >_; Aip(alz,i)p(bly, i)

Non-Local Correlations [J-Bell 1964]

p(ablzy) # >, Nip(a|z,9)p(bly, ©)
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Nonlocality

| |

Space-like separated
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Time

Local Correlations

plablzy) = >_; Aip(alz,i)p(bly, i)

Non-Local Correlations [J-Bell 1964]

p(ablzy) # >, Mip(alz,i)p(bly, i)
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Nonlocality

o3
..
B
\
\

QA/\:..B

|¢>AB — |T)A®|¢)B+H>A®|T>B

B p(ablzy)

£ A / AN p&:

Space-like separated
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How to reveal structure of states?

[J. Bell 1964]
Time a b
alx bly
MA NB
| A Bl |
N
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How to reveal structure of states?

[J. Bell 1964]
Time a b
alx bly
MA NB
| A Bl |
n NS

p(ablzy) = tr(pM*® @ NIW)
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How to reveal structure of states?

[J. Bell 1964]
Time a b
Ma|:c Nb|y
A B
| A Bl |
N

p(ablzy) = tr(pM** @ N°W) [ # 3 Aiplalz, i)p(bly, i) = p € ENT ]
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How to reveal structure of states?

[J. Bell 1964] Correlations States
Time a b
alx bly
MA NB
A B|| |

|
Q L PAB Y :‘

p(ablzy) = tr(pM** @ N°W) [ # 3 Aiplalz, i)p(bly, i) = p € ENT }
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How to reveal structure of states?

[J. Bell 1964] Correlations States
Time a b
alx bly
A B|| | 4

|
Q L PAB Y :‘

p(ablzy) = tr(pM** @ N°W) [ # 3 Aiplalz, i)p(bly, i) = p € ENT }
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How to reveal structure of states?

Time
a b
| |
Mim Ngy
| 4 Bl |
£ PAB Y

Some entangled states are local
[Werner, 1989]
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How to reveal structure of states?

p(ablzy)
. Werner state
Time

a b

| |
Mim Ngly
| 4 B |
& PAB Y

Some entangled states are local
[Werner, 1989]
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How to reveal structure of states?

p(ablzy) p(ablT®w?)

Werner state

Ti?“e ) , . ,  Time
alz bl ME Nb
MA| N AR BS
| A B | R A B S
& PAB Y T|5” PAB w|y
4 Yy
Some entangled states are local All entangled states are “nonlocal”
[Werner, 1989] [Buscemi, 2012]
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ll. Nonlocality of channels

Albert Rico
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Mixed states

), p=35o0r o), p=357 p=31Y)¥[+ 5l0)(¢]
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Mixed states

Wy, p=12Lor|p),p=127 p=11)W|+ Le) (4

State: describes a physical System

0>0, tr(o)=1
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Mixed states
V), p=35o0r|d), p=357 p=310)W+ 5|0)(d]

State: describes a physical System

0>0, tr(p)=1

Channel: describes evolution of a physical System A

E(oa) =oa

CERN 22/04/2026 Albert Rico
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Mixed states

v), p=gorle),p=37 p=zl¥)¥l+36)(¢| time
O-A1B1
State: describes a physical System p —
1 1
0>0, tr(p)=1
EaB
Channel: describes evolution of a physical System A Ay By
8(QA) — 0A QA()B[J

Bipartite: happens on two Systems A and B
Eap(oaB) =0a'p
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Mixed states

), p=35o0r o), p=357 p=31Y)¥[+ 5l0)(¢]

State: describes a physical System

0>0, tr(p)=1
Channel: describes evolution of a physical System A

5(&4) — O A’

Bipartite: happens on two Systems A and B
Eap(oaB) =0a'p

CERN 22/04/2026 Albert Rico

Example: SWAP
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Nonlocal structure of quantum channels

* Channels (CPTP) A CPTP>

Al B " aNs
EaB

2

[T. Eggeling et al, 2001]
[D. Leungetal, 2015]
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Nonlocal structure of quantum channels

 Channels (CPTP)

A

&l

EAB

gl

- No-Signalling (GNS)

Bo||

Ay

N5

X
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R

Albert Rico

[T. Eggeling et al, 2001]
[D. Leungetal, 2015]
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Nonlocal structure of quantum channels

 Channels (CPTP) * Local Oper. & Shared
Entanglement (LOSE)
Al 5 A Bl
gAB @\/V\/\/\@
A Bo|| Ao By

* No-Signalling (QNS)

[T. Eggeling et al, 2001]
J 5

i i [D. Leungetal, 2015]
VoA
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Nonlocal structure of quantum channels

 Channels (CPTP) * Local Oper. & Shared
Entanglement (LOSE)
Al 5 A Bl
gAB G\/V\/\/\a@
A Bo|| Ao By

* No-Signalling (QNS)  * Local Oper. & Shared
Randomness (LOSR) [T. Eggeling et al, 2001]

A A B, A1| | '3‘,‘:‘:-:5.: Bl” [D. Leungetal, 2015]

X 1
A\U/ B\\W A B
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Nonlocal structure of quantum channels

 Channels (CPTP) * Local Oper. & Shared
Entanglement (LOSE)
Al 5 A Bl
gAB 0\/'\/\/\/\4
A Bo|| Ao By

* No-Signalling (QNS) * Local Oper. & Shared

Randomness (LOSR)

o3 [T. Eggeling et al, 2001]
Al A Bl .J.’.\‘-."-
A1|| e Bl” [D. Leunget al, 2015]

X [

Given a channel &an
A\U/ B\\Iy Ao By
How to reveal structure?
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Nonlocal correlations p(ablay)

States
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Nonlocal correlations p(ablay)

Channels

States
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Nonlocal correlations -

‘ ab|x
= p(ablzy)

Channels

Channels

States /

Albert Rico



How to reveal structure of channels?

Time a b
b
M3 g Np s
A1 B1
R EAB S
AO B()
pﬁOR O-Jyg()s
| |~
£r Y r
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[M. Hoban et al, 2018]

Albert Rico

[D. Schmidt et al, 2020]

[A.R. etal, 2025]
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How to reveal structure of channels?

Time a b
b
M3 g Ng s
A1 B,
R EaB S
AO B()
pﬁOR O-Jyg()s
| |~
7z Y gom
Input labels [M. Hoban etal, 2018]  [D. Schmidtetal, 2020] [A. R. et al, 2025]
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How to reveal structure of channels?

Time a b

a b
MA R NBls

1

x Yy
pAOR aB()S

|~
.
Input labels [M. Hoban etal, 2018]  [D. Schmidtetal, 2020] [A. R. et al, 2025]

| Prepare
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How to reveal structure of channels?

Time a b
| Measure |

a b
MAlR NBls

x Yy
pAOR aB()S

|~
.
Input labels [M. Hoban etal, 2018]  [D. Schmidtetal, 2020] [A. R. et al, 2025]

| Prepare
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How to reveal structure of channels?

Output labels
Time a b
| Measure I

a b
MAlR NBls

x Yy
pAOR aB()S

|~
Y
Input labels [M. Hoban etal, 2018]  [D. Schmidtetal, 2020] [A. R. et al, 2025]

| Prepare
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How to reveal structure of channels?

Output labels
Time a b p(ablzy)
N | Measure |

a b
MAlR NBls

Input labels [M. Hoban etal, 2018]  [D. Schmidtetal, 2020] [A. R. et al, 2025]
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How to reveal structure of channels?

Output labels
Time a b p(ab|zy)
A | Measure |
MﬁilR Ngls
Al B1
—
R Bar S
Ag By
x Yy
gk 7505 Criteria:
If correlations out of set, channel out of set

| Prepare J’N‘

Input labels [M. Hoban etal, 2018]  [D. Schmidtetal, 2020] [A. R. et al, 2025]
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How to reveal structure of channels?

Output labels
Time a b p(ab|zy)
A | Measure |
M3, g Ngls
Al B1
R Bar S
Ag By
x Yy
gk 7505 Criteria:
If correlations out of set, channel out of set

| Prepare J’N‘

Input labels [M. Hoban etal, 2018]  [D. Schmidtetal, 2020] [A. R. et al, 2025]
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How to reveal structure of channels?

p(ablzy)

Time a b
Ma Nb
A1 R B S
Al Bl
R EaB S
AO BO
AZ Y
T
ﬂ. PAoR|BoS

CERN 22/04/2026

| Criteria:

Y .
~ If correlations out of set, channel out of set

4
[A.R. et al, 2025]
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Quantum and classical actions

Ea(paB) = oap

CERN 22/04/2026 Albert Rico
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Quantum and classical actions

p,o0 >0 tr(p)=tr(oc)=1

Ea(paB) = oap
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Quantum and classical actions

p,o0>0 tr(p) =tr(c)=1
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Quantum and classical actions

p,o0>0 tr(p) =tr(c)=1

Ea(paB) = oap
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Quantum and classical actions

p,o0>0 tr(p) =tr(c)=1

Eap(paB) = oarp: Zmyp(ab|$y)7"a:y = Sab

CERN 22/04/2026 Albert Rico
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Quantum and classical actions

p,oc>0 tr(p) =tr(o) =1 Teys Sab > 0 ny g = 2 ot B = L

Eap(paB) = oarp: Zmyp(ab|$y)7"a:y = Sab
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Quantum and classical actions

p,o >0 tr(p)=tr(oc)=1 Teys Sab > 0 Dy Ty = D qp Sab =1

Ea(paB) = oap
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Quantum and classical actions

p,o >0 tr(p)=tr(oc)=1 Teys Sab > 0 Dy Ty = D qp Sab =1

Eap(paB) = oarp: Zmyp(ab|$y)rwy = Sab
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|. Quantum nonlocality
Il. Nonlocality of channels
lll. Effects of noise

V. Outlook
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Decoherence

Quantum bits (qubits)

CERN 22/04/2026

Albert Rico

Classical bits
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Decoherence

Quantum bits (qubits) Classical bits
0
00> : (1) ’. / . ((1))
1
(3 ()
(10 :
[+) = |0>\J/r§|1) )+ = 3 G 1) — ) (0 1) — either |0) or |1)

Coherences (off-diagonal terms) vanish
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Decoherence of states

Entangled
[ ] | N [ ]
A £l A B

|w>AB _ AR 5+ ) A®IT) 5

V2

CERN 22/04/2026

Separable

?ﬁ At

|¢>AB — |T>A ® |¢>B
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Decoherence of channels
a b

Time | |
]\/[213 NI%;S
Eab
AT
pi(jR 0—%08
z y

CERN 22/04/2026

Albert Rico
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Decoherence of channels
a b

Time a b
3 (X X
|a) |b)
EAB
B
x J

CERN 22/04/2026 Albert Rico
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Decoherence of channels
a b

Time

CERN 22/04/2026

Albert Rico



Decoherence of channels
a b

Time | |

Nonlocality can
remain!

E.g. classical
communication

Albert Rico
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Decoherence of channels (technical slide |)

Channel from A to A: Choi-Jamiolkowski isomorphism

E(p) =tra(Can(ph 4 ®1a))

CERN 22/04/2026 Albert Rico
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Decoherence of channels (technical slide |)

Channel from A to A: Choi-Jamiolkowski isomorphism

E(p) = tra(Can(p! 4, ®14r))
Where

Can = Yi; 1)l ® Ei) (1) a

is the Choi Matrix.

CERN 22/04/2026 Albert Rico
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Decoherence of channels (technical slide |)

Channel from A to A: Choi-Jamiolkowski isomorphism

E(p) = tra(Can(p! 4, ®14r))
Where

Can = Yi; 1)l ® Ei) (1) a

is the Choi Matrix.

CP <— (Chu >0

TP <— traCaypg =1

CERN 22/04/2026 Albert Rico
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Decoherence of channels (technical slide ll)

Just like states: Choi matrix loses the coherences (off-diagonal terms)

01’1 01,2 01,1 0
02,1 — 0
: Ci6,16 : Ci6,16

a b .

a 6 Time
EaB

.
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Decoherence of channels (technical slide ll)

Just like states: Choi matrix loses the coherences (off-diagonal terms)

Cii1 Cipo e Cii O - Cin Css Cog (33
Cao Cs6 Cioi0 Cha14

Con — 1 0 o ’ ’
R , Cs3 Cr7 Cr1,11 Cisis
C16,16 : C16,16 04,4 08,8 012,12 016,16
a b
i i Time
EaB
z Y
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Decoherence of channels (technical slide ll)

Just like states: Choi matrix loses the coherences (off-diagonal terms)

Coo Ci3zi3
N Ci0,10 Cla.14
N Ci1,11 Cis1s
C16.16 Ci2.12 Cle.16
a b
6 6 Time

Ea

s
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Decoherence of channels (technical slide ll)

Just like states: Choi matrix loses the coherences (off-diagonal terms)
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Decoherence of channels (technical slide ll)

Just like states: Choi matrix loses the coherences (off-diagonal terms)
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Decoherence of channels (technical slide ll)

Just like states: Choi matrix loses the coherences (off-diagonal terms)

The resultis isomorphic to probability distribution. 2
Interpretation: environament “measures” ’ ?
in local basis. Probabilistic outcome.
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Decoherence of channels

Two-qubit example: Controlled-Not (CN) gate.

+) —®

0)AR|+)5+|1) A R—
9) 4 = (2aBHat a1

1
N

CERN 22/04/2026 Albert Rico

Uon i) |7) = 1i) |741)
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Decoherence of channels

Two-qubit example: Controlled-Not (CN) gate.

+) —®

0)AR|+)5+|1) A R—
9) 4 = (2aBHat a1

1
N

CERN 22/04/2026 Albert Rico
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Decoherence of channels

Two-qubit example: Controlled-Not (CN) gate. Uon 1) |5)

+) —e
9) 4 = Da@lHatit el
- —P
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Decoherence of channels

States: Classical = Local,

CERN 22/04/2026 Albert Rico

Quantum = Non Local
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Decoherence of channels

States: Classical = Local,

Channels: Classical Nonlocality

CERN 22/04/2026 Albert Rico

Quantum = Non Local

Quantum Nonlocality
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Decoherence of channels

States: Classical = Local, Quantum = Non Local

Channels: Classical Nonlocality Quantum Nonlocality

Nonlocality can still be certified and quantified, after full decoherence.

CERN 22/04/2026 Albert Rico 77



States Channels Superchannels
Eaz

eC-J
-
Mg 10) y 4 -
© |
Ad‘ R )/
-
Ad (1)’/ Classical
0

0



States Superchannels

eC-J

Decoherence




Much richer structure than states

Composition of LOSR + classical

Bound classical communication

CCpg) 2 5 —1=v2~1

[S. Pironio, 2003]
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Classical action: state interconversion

Gate error occurred with some probability

p=pld") ¢TI+ (1 —p)(HR1)|¢T)(¢7|(H 1)

[A.R. etal, 2026]

CERN 22/04/2026 Albert Rico
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Classical action: state interconversion

Gate error occurred with some probability
p=pl¢T )T+ (1 —p)(HR1)[¢T)(¢T|(H 1)

We want to recover a pure state:

[Yu) = |00} + /1 — p|11)

[A.R. etal, 2026]
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Classical action: state interconversion

Gate error occurred with some probability
p=pl¢T )T+ (1 —p)(HR1)[¢T)(¢T|(H 1)

We want to recover a pure state:

[Yu) = |00} + /1 — p|11)

E(p) =p = [u)(Vul = F = (Yulplou)
[A.R. etal, 2026]

CERN 22/04/2026 Albert Rico
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Classical action: state interconversion

Gate error occurred with some probability 1 g
% || s DPS;
p = pl¢*)(6*| + (1 - p)(H @ 1)]¢) (¢ |(H @ 1) 4 — LOC
0.9 == NS
seesaw
We want to recover a pure state: qNS
0.8
V) = /1 ]00) + /1 — p|11)
E(p) = p~ [yl = F = (0,151) ' - 0.2 0.4

[A.R. etal, 2026]
7
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Classical action: state interconversion

Gate error occurred with some probability 1 g
S [ DPS;
p=pl6*)(#F] + (1 - D)(H @ 1] )6 |(H © 1) d — LOG
0.9 wa NS
seesaw
We want to recover a pure state: NS

0.8
[Yu) = /1 |00) + /1 — p[11)
o . =k i
E(p) =p~ |wu><¢u| — F = <%|p|%> 0 0.2 0.4

[A.R. etal, 2026]
7
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Outlook

* Reveal nonlocality (NL) with nonlocal games

CERN 22/04/2026 Albert Rico
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Outlook

* Reveal nonlocality (NL) with nonlocal games

* NL of channels can be quantum or classical (dephasing)
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Outlook

* Reveal nonlocality (NL) with nonlocal games
* NL of channels can be quantum or classical (dephasing)

e Classical nonlocality has an effect of qguantum protocols

CERN 22/04/2026 Albert Rico
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Outlook

* Reveal nonlocality (NL) with nonlocal games
* NL of channels can be quantum or classical (dephasing)

* Classical nonlocality has an effect of quantum protocols

e e

Future research line:
Nonlocality of scattering

CERN 22/04/2026 Albert Rico
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Outlook

* Reveal nonlocality (NL) with nonlocal games
* NL of channels can be quantum or classical (dephasing)

* Classical nonlocality has an effect of quantum protocols

e e

Future research line:
Nonlocality of scattering
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Outlook

* Reveal nonlocality (NL) with nonlocal games
* NL of channels can be quantum or classical (dephasing)

* Classical nonlocality has an effect of quantum protocols

e e

Future research line:

Nonlocality of scattering
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Outlook

* Reveal nonlocality (NL) with nonlocal games
* NL of channels can be quantum or classical (dephasing)

* Classical nonlocality has an effect of quantum protocols

e e

Future research line:
Nonlocality of scattering
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Outlook Thanks!

* Reveal nonlocality (NL) with nonlocal games
* NL of channels can be quantum or classical (dephasing)

* Classical nonlocality has an effect of quantum protocols

e e

Future research line:
Nonlocality of scattering

CERN 22/04/2026 Albert Rico 93
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Further detalils
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Measurement protocols (Bell-type):
p(ablzy) = tr[M* @ N° - £(A” @ &¥(p))]

a

b

b
NBlS

M3 g
Ay B
R EAB
Ao By

AIE

/ Criterion. [AR, M.Bermejo, F. Shahbeigi, K. Zyczkowski (2025)].\
1. If p(ablzy) ¢ LOC but p local, then & ¢ LOSR
2. If p(ablzy) € Q, then £ € LOSE

\_ 3. If p(ablxy) & NS, then £ ¢ qNS )

oY

PAGR|ByS

CERN 22/04/2026

CPTP

.~ CPTP ™
//>///’6N§\\\\;\\7§7N5

(o os )\ | =

Y <L,
LOSR
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Dephasing noise

* Degrees of freedom are coupled with environment. Example:

Dy(p) = (1 — q)p + gdiag(p)

* In general: Schur product with a Gram matrix. [Puchata et al, 2021]
Dg(p) =G Op
Gij = (Wilyy), G =1 (A® B)ij = AijBij

CERN 22/04/2026 Albert Rico
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Dephasing on quantum channels

Dg(C) = Gaya, BB, © Caga,BoB;

G Ay, A, By B
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The role of dephasing

Dephasing with memory: Resuslt. [AR, M. Bermejo, F. Shahbeigi, K. Zyczkowski (2024)].
Dephasing can map LOSR channels to signaling gates.

1®ox = ). |iNil ® ox(ioz)’ ~Lv Uc—~oT

__Uc_n~or
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The role of dephasing

Dephasing without memory: Result. [AR, M.Bermejo, F. Shahbeigi, K. Zyczkowski (2024)].
Dephasing can map product states to entangled states.

u [ +4) = ) = IOH\J/%“_) ~ru [¢7)
Ean /(11 1 -1
wel=3 1 1 1
\-1 -1 -1 1/
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The role of dephasing

Dephasing without memory: [ Result. [AR, M.Bermejo, F. Shahbeigi, K. Zyczkowski (2024)]. 1

Dephasing can map product states to entangled states.

EAB

_10+) +11-)

|+ +) = |¢) = 5 L o)
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The role of dephasing decoherence

1 1-q 1—q =z
_Ifl-q¢ 1 1-gq zf g 0.4
Dyoty(l+ )+ =7 (128 1 170
B T i 1 0.6 1 0.3 *;
A _ — (1 -9 _ — (1 — 1-_9 0.4 0.2 %
p(Pz,4) — ( p)PzA z = ( q)( ) -
Ap(pa,j) = (1 —2p)pa; 0.2 0.1
Dy(p) = (1 = q)p + qdiag(p) y .
).0 - ).0

(.00 0.25 0.50 0.75 1.00
P

Take home: Most general dephasing noise
can completely spoil certification criteria,
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States Channels Superchannels

eC-J
-
Decoherence
ecC-J
rd
/,,
Ay Classical
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Bounding the set of LOSR

* LOSR is a constrained separability problem in the Choi matrix.
* A hierarchy for this type of problems is known [Berta et al, 2021].

m)%x tr(XAoAl By B H)

st. X >0 PPT

tra, gopr...gn(X) = 1a,B,

Vi gn XV po =X Vi

X >0

trpn(X) = trgrpr X ® 1p»

tra, (X)) =14 ®tra,a,(X)
diag(Xa,4,8,8,) € LOC
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Protocol: Maximizing Bell functionals

QH — UHQU,L-E

v () = max{tr(CleQ) : SiB c L} \ |
£ =LOC, Q, NS .
E) = XE(Eln) £ VT=R10)/v2 T 3
o) = XE(/R[00) £ yT—p11))/v2 =
)(i = (O'X X O'X)(il_l)/Q 20—

2
U, = (16/)(00] + [w)(01] + [, (10| + ¢, ) (1) @1 #

Q, = U,QcusuU}
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