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Quantum Information
Processing Device

( Particle Collider \

Motivation: Gives us a new perspective! Fun to explore!

Precision test of SM: Enhancing new physics searches

Can we predict SM parameters?

A fresh look at QFT from QIT: |
Area law: cross-section = entanglement entropy

High Energy Test of Quantum Mechanics Beyond QFT detection



High Energy Test of Quantum Mechanics

Classical Quantum
Mechanics Mechanics
(Local) (Nonlocal)
large
distance

?

small

e QM might be a low energy effective theory of more fundamental short-distance theory.

e Currently, no LHC analysis can distinguish between anomalies from QFT-based BSM
and those from beyond-QM

Y Non-linear extensions of QM:

0, y) = /d% |

A(z) + (x|O1 (@) x) Do ()

X) non-linear state-dependent term

o

Weinberg (1989), Polchinski (1991),
D.E.Kaplan, S.Rajendran, (2021)
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Plan

Lecture 1:

e QI Tools: Density Matrix, Entanglement, Bell nonlocality

e QI Measurements @ Collider: ttbar, tau-tau, ZZ

Lecture 2:

¢ Open Quantum Mechancis

& Reconstruction of Quantum Channel (probing NLQM)

< Decoherence @ Colliders



Quantum Mechanics

Three line summary of Quantum Mechanics:

Linear time-evolution:  |(t)) = U(t) |4(0)) U (t) = et

Born rule:  Prob(ax|¢) = |(ax|)|” Alar) = ay, laz)

Mean value: (A)y = » aj Prob(ak|t)) = (¥|Ay)
k



When we don’t know the pure state exactly,

Ensemble: { q1;|Y1), q2;|w9), ...} >0, ) ¢=1

All physical info is encoded Iin the density operator:

p= D aili)(wi
Time Evolusion: p(t) = ﬁ(t) p(0) [}'(t)Jf U(t) = o —iHt

Probability:  Prob(ag|p) =Y g Prob(ax|t;) = Tr (11 )

Mean value:  Tr(A4p) =) ¢ Tr (Al (Wi]) =) @ (Wil Al



Trace formula: (enlem) =0mm  » len)len| =1

n

Tr (X [a) (81) = el (X [a) (B1)]en) = S (Blen) (enl X|a) = (81X ]

mn T

> Tr (1) Zq Tr (Jaw){ar|vs) (i) Zq (axti)]” = Prob(axp)

> Tr ( ZqTrA\w ) (i) Zq (il Algi) = (4),

> 1 (ﬁ) ZL:Q Tr W ZC] ZL:% =1 ﬁ:ZQiWiﬂ%\

[ = |ax){a]



Property of the density operator: PSD = Positive Semi-Definite
T K
p= Zq@' Vi) (il g pSD: p =0 (<90|,5|80> > 0, VM)

Unit Trace: 1rp =1

Hermitian: p

Converse is true: Let S(H) be the set of all Hermitian, unit-trace and PSD operators.
Every element of S(H) corresponds to a physical state.

;i >0 <«— PSD

Hermitian

0 > pdiag __

diag(p17p27 S )
sz- =1 <«— UnitTrace



Density matrix — pure-state ensemble is not unique

e Consider the following state

p = p|0)(0] + (1 —p) 1)(1]

e Define |1)4) =

9)-

) {9

e Define pPo

0
# P = p9|cg:p { |

co |0) + sg |1)

(Yil-) = ¢

| = c510)(0] -

= coso [10)(1] + [1)(0[] + s5[1)(1

2 V) (Wr] + 2 [ ) (W[ |= c510)(0] + s5[1)(1

hysicall
) D indiztixZISizhible { V+)
) - 1—p < )

—33

N|— DN

10



How much is the state pure ?

ﬁpure — |¢> W\ {q”&} — {170707 S

Purity:

=Trp” = Y ¢

max mixed = < v(p) <1 pure

d
1
P = D 7 [¥a) (Wl (d = dim# )

1=1

Pmix = ZC]@WQW@\ 16} =191,92, - }

von Neumann entropy:

Tr[plog, p] Z g 108 q;

pure 0 < Sy (p) <log,d max mixed

11



Qubit:  {|T2), [12)} ={|+2),

|_z> } — { |Oz>a

Compare the following two states:

1)}

) = 5 (I+:) +1=2) =|+2)  Prob(+.[v) = 3

13



Matrix representation:

O P00  Lo1 Al

(2lg) = 0i; P = ( ) ; Pij = <Z|ﬂ|J>
s N P00 Pol 3 S
@A) = bus = ( : ) Pos = (]517)

Unitary relation:

@) = Uai i)

. s = (61p|B) = U, (ilplg) UL
U'U =1 -

Maximally mixed state:

N |

1
P = 5|42 ) (2| + 5]—2) (—] > ( 1) basis independent



Bloch representation:

Trp=1 1 3 , 8
ol = p > ,025 ]1‘|‘ZBiUi B; € R, ZBzgl y
p >0 i=1 i

pure: surface e mixed: interior

Experimental reconstruction of the state (Quantum State Tomography):

1T (Ui O'j) — 2570

10



General state: n = i(h Bi(o;@13)+B; (1®0;) + Cij (0; ® Uj))

B; =Tr[(o; ® 1) p| = <J§A>>p «—— A’s spin average

(/

Fano coeffs.:

1

B, =Tr|(1®0;)p| = <O'(B)>p «—— B’s spin average

Ci; = Tr [(0; @ 05) p| = (ot aJ(.B)}p «—— spin-spin correlation

5>0 = B, B, [|[C|#* < 1 Tr (0;05) =20;; 18



pa =Trp|lpaB]

21



Pure singlet state:  |¥)

Alice’s reduced state:

1
pa=Trp|Y)(W] = JTrp

1 - ) ) | max

= 5 Trp | 01){01] — [01)(10] — [10){01] + [10)(10} | = 51 10)(0[4 + [1)(1]4 | = pinix

“The best possible knowledge of a whole does not include best possible knowledge of its parts™

Erwin Schrodinger y



Entanglement

20



& The state is called separable if it admits the expression

p=>Y pip; ®pf pi >0, Yy pi=

otherwise it is called entangled.

e Local Operation and Classical Communication does not generate entanglement

LOCC
(t
05 7 o B
g
\_ \_ J




6 The state is called separable if it admits the expression

p=) pipi @p; >0, Y pr =

1

otherwise it is called entangled.

e Entanglement implies a past interaction of the two systems:

o—Jg—— e

.
) = |




How can one check if the state is entangled? p # Z pi P @ p;

38 Peres-Horodecki criterion:

olet{l|i)}(i=1,...,dy) beabasisof 7 ,and {|a)} (a =1,...,dy) be a basis of 7,
Pli,0),G,8) = (il{al p7)]8)

® Define the partial transpose of B as ,OTB — [p](i,ﬁ),(j,a)

o |f state is separable, p 1B = sz Pi & (P; is Hermitian, Unit-Trace, PSD

If one finds a negative eigenvalue In pTB, the state Is guaranteed to be entangled.

= necessary condition, it is also sufficient for (d,, dy) = (2,2),(2,3), (3,2).

30



3 If plz > 0, the state p is called

“Positive-Partial-Transpose (PPT)”.

36 All separable states are PPT.
separable

o |f state is separable, p 1B = sz Pi & (P; is Hermitian, Unit-Trace, PSD

If one finds a negative eigenvalue In pTB, the state Is guaranteed to be entangled.

= necessary condition, it is also sufficient for (d,, dy) = (2,2),(2,3), (3,2).

31



The Peres-Horodecki criterion assumes we know the density matrix p.
In practice, the reconstruction of the state, i.e. 15 Fano coefficients, is expensive.

Entanglement Withess:

The Hermitian YV is called “Witness” if ® V¢

separable
Ir [W ’ psep} >0, V Psep

entangled

Tr [W - pe} < 0, for some entangled p, W

Example: Pick a target entangled pure state 1)), and define

W=al-[p)d  with o= max [l <1

all separable |¢

32



Local Operation & Classical Communication

Quantification of Entanglement:
3 LOCC breaks entanglement. ( /_\ w

Q “[7
) —1 _\O> Q11)p — |1)a ® |0) | pB° 7 ’;?
— B (e
\/§ i A B A B_ L L N J

[ Alice measures her qubit and finds O

0)a ®|1)g (separable state)

& LOCC introduces a partial ordering on quantum states.

maximally entangled 1,OCC LOCC

100) £ [11)]
101) £ [10)]

S-Sl

L

Q

=2
1
41
1

—

O

=

entanglement o



A non-negative function E(p) > 0 is called “entanglement measure (monotone)” if

(D Zero on separable states:
E(psep) = 0, \V/psep
(@ Non-increasing under LOCC (monotonicity):

E(Avocc(p)) < E(p)

® F(p) is called “faithful” if £(p,) > 0 for all non-separable (entangled) states.

e | OCC > Local Unitaries, U, ® Uy, which are invertible.

@ = E(p) is invariant under LU

35



Entanglement measures for pure states:

35 If pure state is separable, the reduced state is pure:

V) = |Ya) @ |Yp) — pa = Tre|) (Y] = [Ya)(Wal - (¥BlYB) = [Ya)(Ya]

& ENT = “how much one subsystem becomes mixed when the other is traced out”

Concurrence: C(|y)) = \/2(1 — Trp?)

Entanglement entropy: Er(|Y)) = Sv(pa) = —Tr[palogy pal

36



Entanglement measures for mixed states:

# Entanglement measure for the mixed state is defined by the convex-roof:

p = Zpi\%ﬂ%\

PiZO,ZPizl

pla = Trp|vs) (il

37



Entanglement measures for mixed states:

# Entanglement measure for the mixed state is defined by the convex-roof:

p=> pilthi) (el
6 For the 2-qubit system, the concurrence has an analytical formula:
= min sz (|;)) = max (0, Ay — A2 — A3 — Ag)  Wootters' (1998)
A1 > A2 > A3 > Ay are the eigenvalues of \/pp with p = (o, ®0,)p* (0, Q0y).

33



& A quantum state is called “positive-partial-transpose (PPT)” if pTB > () (PSD).

36 All separable states are PPT. The converse is true for 2 x 2 and 2 x 3 systems.

Negativity:

N(p) = Z Al

A, <O

A, are the eigenvalues of p*? separable

& Negativity is a faithful ENT measure only for 2 x 2 and 2 x 3 systems.

39



Bell Nonlocality

40



Bell’'s Experiment:

Alice and Bob have two spin-measurement axes to choose at each measurement.
They repeat the measurement for many copies of the identical spin pair (state).

The result will look like:

Axes (x,y) | (0,1) | (1,1) | (0,0) | (1,0) | (1,1) | (1,0) | (0,1) | (0,0)
(Ae, By) | (=) [ (=) [ (D) [ (= H) =) [ ) [ (=) ] (= 1)

They compute the correlations:

(AzBy) = lim —ZA(k)B(k>

N—)oo



® They measure the following combination of correlations:

I({d,b}) = [(AoBo) + (Ao B1) + (A1 By) — (A1 By)|

N
1
1 (k) g (k)
(A B,) = A}lm ,;_1 Ay B,

—

a1

EL‘O>

&

o
PN
=

()

—

b1

,;.:A _)
b

0

42



® They measure the following combination of correlations:
I({d,b}) = [(AoBo) + (Ao B1) + (A1By) — (A1 By)

— |<AO(BO + B1) + A1(Bp — Bl)>|

N
1
1 (k) g (k)
(A B,) = A}lm ,;_1 Ay B,

of Bob’s choice b, or b, (locality)

43



® They measure the following combination of correlations:
I({d,b}) = [(AoBo) + (Ao B1) + (A1By) — (A1 By)

— |<AO(BO + B1) + A1(Bp — Bl)>|

BCHSH — INaX ]({C_L), g}) < 2

N

(A By) = 1\;1—1@00 N I;Agz )Bé )

of Bob’s choice b, or b, (locality)

< 2 ) all outcomes are predetermined before
measurements (reality)

Bell (1964),

Clauser, Horne,
Shimony, Holt (1969)

CHSH 1nequality for
b [.ocal Realism

44



® In QM, the observables are promoted to the operators:

A

1({@,b}) = AyBy + AgB; + A By — A1 B;

_ T(f= 1) . _ Horodecki, Horodecki,
BCHSH('O) g,ag}}( Tr[[({a,b}) '0} 2\/,u1 T H2 Horodecki (1995)

(1 > pe > pa are the eigenvalues of M = C*tC, where C;; = (0, ® 0), = Tr[(ai ® 0j) -p}

0<p; <1 > In QM, Bepsp can go up to 24/2

[J.F.Clauser, S.J.Freedman (1972)], [A.Aspect, J.Dalibard, G.Roger,(1982)], .. -



Another proof:

B

<
outcome : ‘ , outcome :
A B/

a,a' =+1or —1 b, = +1or —1

If this bound is violated, QM will be excluded!

46



Local Hidden Variable (LHV) Theory:

—»

>op

Prob(\

4+> QW 450

Prob(A| T, \)

36 Joint conditional probability

LHV: Prob(A, B|z,y)

QM: Prob(A,B|x,y) =

Z Prob(\

Prob(B|y, \)

) - Prob(A|x, \) - Prob(B|y, \)

47



Local Hidden Variable (LH

>4./O

Prob(A| T, \)

36 Joint conditional probabili

LHV: Prob(A, B|z,y)

V) Theory:

Prob(\

4—7/\@—»

ty
Z Prob()\) - Prob(A| z, \) - Prob(B|y, \)

48



» The results of separable states can be reproduced by LHV theories.

=) Separable quantum states cannot violate LHVT bound.

-

\_

BCHSH (ﬁsep) S 2

~

J

36 Joint conditional probability

LHV: Prob(A, B|z,y)

separable

Z Prob()\) - Prob(A| z, \) - Prob(B|y, \)

49



» The results of separable states can be reproduced by LHV theories.

=) Separable quantum states cannot violate LHVT bound.

Bell Nonlocal state

-

BCHSH (ﬁsep) S 2

~

J

Beusu(psNL) > 2

~

J

separable

50



& For mixed states, entanglement does not imply Bell nonlocality.

3 Werner state: ENT, BNL
o, 1
p(p) =pl )W |+ (1 —p)z 0<p<1)
with [¢)7) = —=[|01) — [10)] separable
1 1
0 3 V2 1
max max _
i~y .—<_|_>—|_>_. ENT ENT: Entangled
BL: Bell Local (Bcusu < 2)
separable ENT BNL

BNL: Bell Non-Local (Bcusu > 2)

51



® |s there conceivable distributions that violate the QM bound?

We change the parameters to denote the outcomes:

A=+1=(-1)* B=+1= (-1 a,be{0,1}

L Popescu—-Rohrlich box distribution: (2,y) Possible (a, b), each with probability 1/2

0,0 0,0), (1.1

% 0B b= 1, (0,0) (0,0),(1,1)

Prr(a, 0] z,y) = . (0,1 0,0),(1,1) % correlation

0, otherwise.

(1,0) (0,0),(1,1)
Popescu, Rohrlich (1994)

(1,1) (0,1),(1,0) } anti-correlation

L2 CHSH prediction:

A A

Bonsnu = [(AoBo) + (AgB1) + (A1 Bo) — (A1By))

—14+14+1—(—1)=4 (PR-box) violating the QM bound 24/2 !

52



e PR-box distribution is not so exotic:
PPR<OJ7 b‘ £z, y) —

1
Per(a|z,y) = Z Prr(a,blz,y) = 9

b=0,1

— Alice’s local distribution is independent of Bob’s choice, Y.

— No information travels faster than the speed of light; Causality OK.

1

29
0,

a®b=zxy,

otherwise.
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e PR-box distribution is not so exotic:
PPR(C% b‘ £z, y) —

1
Per(a|z,y) = Z Prr(a,blz,y) = 9

b=0,1

— Alice’s local distribution is independent of Bob’s choice, Y.

— No information travels faster than the speed of light; Causality OK.

2 LHV, pug

Bemsu < { 2vV2 QM
4 beyond QM

Bell’'s experiment can in principle test and exclude QM!

1

29
0,

a®b=zxy,

otherwise.
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Ql measurements @ Colliders

— 11 focused —

55



Can we measure various quantum properties at collider?

‘<>9?’(°

56



e Consider the collision of e e with fixed polarisation:

Initial data: {Z} — {(pe— ; )\e— )7 (pe+7 )‘e+)}

pOSSibIe final data: {f} — {(7717]717 )\1)7 (772,]92, )\2)7 S }
S-matrix: Sy = lm ({fHe ™ |{i})

® The out-state is a gigantic superposition of all possible final states (pure):

N
> =1 out) oc e i}y =) Spil{f})

1f} 3
= Mz |tt) + M+, | 17 ) + Mpsp— [WTW ) 4 - -

57



e |f the detector registers the final state momenta consistent with ¢z, we project

out) oc My |tt) + M+~ [T ™) + Myp+w—|WTW ) + - -

collapse oin
ﬁ Yy ) = Z Moo, {pr}) M, M) € C) @ @% My = Mif;;\e+({pf})
Aty AE
R
Ae_’Ae+ p— Ae_’A€+ — — >I</ /
P Trt{[R] R(At,xf),(xg,xé M)‘ta)‘t AL Af
e If e"e¢™ beams are unpolarised, p= > alvi) (il

R™POl = N 1. .RM-At = J[RTT+RTT 4+ R T4+ R 7] mixed state

Ae_’Ae+

58



g\MQLA/

_ t 9 t q f
At a hadron collider, we also average over the
partonic initial states: Y
Afik, Nova [2003.02280]
t g t 4 {

QW*

_ E : 1 _ * _
Rij — 4 'Mz'j—>tt Mij_nf CTEQGL1: 14 TeV

parton pol.

R(M;z,0) = > Lij(My) - Rij(Mz.0)

1)=99,9q

p(Mz,0) =R/ Tr R

\/§:Mtf t

p_—/ ’

t

P V'8 [TeV]

dﬁz 1 1 ,\
parton luminosity function: d§] = / d / dra fi(r1, pr) fi(x2, pr)d(8 — sT122)
0 0

59



p= i<ﬂ4‘|‘Bz’ (0i @ 12) + B; (1® 0;) + Cij (0 ®Uj))

CPinvariance: (' = CT, B, =B; (t<t)

Op — T0p,

Reflectionw.rti: B, =By =C,p, = Cip, =0 O — —0p

Loaocp: b, =0

A\

(7, 7, k) helicity basis B, =B, =0 (i =n,r k)
Con 0 0
p C — O O’r‘?”‘ C’r‘k

60



QCD LO Afik, Nova [2003.02280]

= ALNrZ (Bjai Q 1o + B;IQ 020 O'i> +Z é’ijai@)o'j

A = F, (2 — *sin? O)
CY = F,(2 — *)sin? ©
C‘g?; = —F,3° sin® ©

Ol = F,(2cos? © + 3% sin” ©)

Ci = C1 = F,/1 — 325in 20

7 + 9432 cos® ©

2,]

A9 = F,(0) [1 +28%sin® © — B*(1 + sin” O)]
C99 = —F,(0) [1 — %2 — B*)(1 +sin? O)]
C99 = —F,(0) [1 —28* + B*(1 + sin’ ©)]

' L g sin® 20

élglg — _Fg(@)

B*(1 + sin* @)_

CY% = F,(0)\/1 — £2/3%sin 20 sin® O

_ _ _ 2 /N2
N 192(1 — 82 cos? ©)? b= \/1 dm; /Mtt’

o1



Entanglement

Wootters formula for the concurrence (2-qubit):
C(p) — max((), )\1 — )\2 — )\3 — )\4)

A1 > A2 > A3 > Ay are the eigenvalues of \/pp with p = (o,®0,)p* (0, ®0).
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Afik, Nova [2003.02280] Concurrence

Concurrence C(p) ,

1.0 gg
IO-9 1000 10
900
0.8

10.7

1000

900

800

. 10.7
% loe > 800 |
700 ab) 0.6
U 10.5 < U 700 1o s
lﬁ 600 10.4 Elj: 600 10.4
0.3
=
500 0.2
0.2
4°° -
400 > 0.0 0.2 0.4 0.6 0.8 10 00
0.0 OI.2 OI.4 OI.6 OI.8 1.0 0.0 ﬁ
20 _
T
- - do
diff. cross-section 777 a6
1000
0.8
900
0.7
— 800 10.6 [\/i n
> tt t
Q. 105
9' 10.4 9
1+
Eﬂe 600

P 7 P




Afik, Nova [2003.02280] Concurrence

Concurrence  C(p) - \

1.0
IO.9
0.8

10.7

10.6

10.4

MtﬂGeVJ

0.3

0.2

0.1

Lo Po) = 5[l 1) — [ I1)] Psep = (| DT [+ [ LD D)

diff. cross-section 777 a6

IO.8
0.7
40.6

0.5

Mz L

M;GeV|




Afik, Nova [2003.02280] Concurrence

Tad
Concurrence  C(p) - \
1o =
10.5 < : g 70
. =

0.2

0.1

o) = 51 1) — 1 41)] psep = 5 (| THT [+ [ L))

. - d
diff. cross-section 777 a5

IO.8
0.7
40.6

0.5

Mz L

Mtg[GeVJ




How to measure/reconstruct the spin density matrix from collider data?
& Quantum State Tomography

p=1 ]l+Bi(1)-(Ui®]l)+Bj(-2> (1®o0;)+ Cij (0; ® o)

Bi(l) = Tr[(o; @ 1) p] = <S.(1)>p «—— top spin polarisation

1

BZ.(Q) =Tr|(1®ao;)p| = <S§2)>p «—— anti-top spin polarisation

Cii =Tr|(o;®0;)p| = <S§1)S§2)>p <—— spin-spin correlation

How to measure the spin and spin-correlation at colliders?



How to measure the spin? p=|1s)(1s | =11+ S o)

e Consider an unstable spin-1/2 particle with spin in the S direction at its rest frame.

A

q The conditional probability density of g given S

A

dP(q|S):1 kq-S l<r<l
dfl, 47

® most general form by the symmetry, positivity, normalisation

. ® K : spin-analysing power (memory of the parents’ spin)
¥

) Channel Analyser &k (approx.)
S, g: unit vectors t — bW b —0.4

Iif — —Iif
t — bé*y ZJ_F +1.0
t — bud d +0.93 (C-odd)
T —> TV T +1.0

T = p U 0~ +0.45 -




p=11+B" (i) + B 1®0;) + Cy (0 © ;)

Bz'(l) =Tr{(o;®@1)p| = <S¢(1)>p = li_1<qi ) \

3
B® =Tr[(1®0,)p] = (57), = 2 (")) —-"

measureable at colliders
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Plan

Lecture 1:

e QI Tools: Density Matrix, Entanglement, Bell nonlocality

e Ql Measurements @ Collidau-tau, L

Lecture 2:

¢ Open Quantum Mechancis

& Reconstruction of Quantum Channel (probing NLQM)

< Decoherence @ Colliders
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e Quantum state = Density operator: p = Z q; Vi) (W] @ >0, Z q = 1
] 2

e Concurrence: (separable) 0 < (C'(p) < 1 (maximally entangled)

2 LHV, psep
Bcusa =

e Bell operator: B < {2v2 QM
P CHEH = (AgBo + AgB1 + A1 By — A1 Bq)

4 beyond QM

/1



Afik, Nova [2003.02280] Concurrence

Tad
Concurrence  C(p) - \
1o =
10.5 < : g 70
. =

0.2

0.1

o) = 51 1) — 1 41)] psep = 5 (| THT [+ [ L))

. - d
diff. cross-section 777 a5

IO.8
0.7
40.6

0.5

Mz L

Mtg[GeVJ




A

e Probabillity rule: e
q

® Spin analysing power, « :

) q

dP(qlS) 1+kq-S

A7
S
Channel Analyser k (approx.) ﬂ
t — bW b —0.4 /
K — —KR7f N
toblty 0 +1.0 / f ;
t — bud d +0.93
T STV T +1.0 (C Odd) v
T = p vV 0~ 0.45 A

S, g: unit vectors
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p=11+B" (i) + B 1®0;) + Cy (0 © ;)

Bz'(l) =Tr{(o;®@1)p| = <S¢(1)>p = li_1<qi ) \

3
B® =Tr[(1®0,)p] = (57), = 2 (")) —-"

measureable at colliders
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p=111+B" (o;01)+ B (1a;)+Cj (0i ®0j)

BV =Tr[(o; @ 1) p] = (S}"), = K—1<Q§1)> —_—

Bi(2) —Tr[(1®0;)p]| = <S.(2)>p _ _<q§2>> «__ measureable at colliders

9 /
Cij = Tr[(0; @ 05) p] = (ST, = —(4{Vg®)

Spin measurement is possible only for weakly decaying particles:

t, 7,4, W
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Observation of quantum entanglement with
top quarks at the ATLAS detector

The ATLAS Collaboration

Entanglement is a key feature of quantum mechanics [1-3], with applications in fields such as
metrology, cryptography, quantum information, and quantum computation [4—8]. It has been
observed in a wide variety of systems and length scales, ranging from the microscopic [9—13]
to the macroscopic [14—-16]. However, entanglement remains largely unexplored at the highest
accessible energy scales. Here we report the highest-energy observation of entanglement,

in top—antitop quark events produced at the Large HadronCollder using roton—proton*

collision dataset with a center-of-mass energy of 4/s = 13 TeV and an integrated luminosity
of 140 fb~! recorded with the ATLAS experiment. Spin entanglement is detected from the

OPEN ACCESS

1I0P Publishing Reports on Progres

Rep. Prog. Phys. 87 (2024) 117801 (33pp) https://doi.org/10.1088/1361-61

Observation of quantum entanglement
in top quark pair production in
proton—proton collisions at /s = 13 TeV

The CMS Collaboration

Abstract

Entanglement is an intrinsic property of quantum mechanics and is predicted to be exhibited in
the particles produced at the Large Hadron Collider. A measurement of the extent of
entanglement in top quark-antiquark (tt) events produced in proton—proton collisions at a
center-of-mass energy of 13 TeV is performed with the data recorded by the CMS experiment at
the CERN LHC in 2016, and corresponding to an integrated luminosity of 36.3 fb—!. The events
are selected based on the presence of two leptons with opposite charges and high transverse
momentum. An entanglement-sensitive observable D is derived from the top quark
spin-dependent parts of the tt production density matrix and measured in the region of the tt
production threshold. Values of D < —1/3 are evidence of entanglement and D is observed
(expected) to be —O. 480+0'8§8 (—0.4671Y 8%8) at the parton level. With an observed significance
of 5.1 standard deviations with respect to the non- entgled hypothesm this provides

observation of quantum mechanical entanglment within tt pairs in this phase space. This

measurement provides a new probe of quantum mechanics at the highest energies ever produced.
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Entanglement measurementin pp — 1t

® The top is the only quark that decays before it hadronizes and depolarizes:

0—23

S K Thaq ~ 1 s < Tgpin ~ 10_21 S.

(~ Gpmj) (~1/Aqcp) (~ AScp/me)

® . = —k; = | in the leptonic decay, tt — (bW ™)(bW ™) — (bl v) (bl )

9

e The quantum tomography, e.g., Ci; = . /{_(qjq}) — —9<q;rqj_> requires the measurement of
thvt

the product of the charged lepton directions at the respective 1 and 7 rest frames.

® Reconstruction of the top, antitop rest frames requires

Beam Line

the neutrino momentum reconstruction.

Antitop

7



Reconstruction of the neutrino momenta:

e; I,
Ves Vi

e 6 unkno

r

wns: | Pv.z,PvysPr.z)y (Po.z,PoysPo.2)

\_

~

_J

® 6 constraints:

My =

myy =

M1SS

Py

(po —|-Pz+)2 m% = (py + pPo+ +pb)2

(po +pe-)*  mi = (po +pe- + 1)’

M1SS

= Pv.x T Pz Py =DPuvy T Py

e Choose

> 2 solutions: (ﬁuaﬁﬂ)sol—la (ﬁl/;ﬁﬂ)sol—Q

one that gives smaller M ;

/3



e \We first boost all momenta to the rest frame of the ¢7 system.

e \We then boost #7 to the top’s rest frame and #~ to the antitop’s rest frame

to be ready to measure (q; ), (@; ). (a; q; )

® In the helicity basis, the basis vectors are different from event to event.

The reconstructed density matrix is not a genuine quantum state, but a fictitious state.

Entanglement in a fictitious state = Entanglement in the original quantum state.

Beam Line

Antitop
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The Peres-Horodecki criterion assumes we know the density matrix p.
In practice, the reconstruction of the state, i.e. 15 Fano coefficients, is expensive.

Entanglement Withess:

The Hermitian YV is called “Witness” if ® V¢

separable
Ir [W ’ psep} >0, V Psep

entangled

Tr [W - pe} < 0, for some entangled p, W

Example: Pick a target entangled pure state 1)), and define

W=al-[p)d  with o= max [l <1

all separable |¢
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e In the small M ; region, the tf spin state is predicted to be [¢™) = %( 01) — [10) )

e No separable state overlaps with |y ™) more than o = % 0 = max(weep |1 )
— sep

Wsep

® An entanglement witness operator:
W=a-1- 4 )¢7| with a=2

Tr [W : psep] >0, V pgep Tt [W : pe} < 0, for some entangled p,
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C(p)

-'(é') — T T | T T 1 | T T 1 | T T 1 | T T 1 T T 1 T T 1 T T 1 T T 1 T T —]
5 [ ATLAS Simulation ]
> " Vs=13Tev — nominal -
g 1 o= 340 <mj <380 GeV -60% reweighting ~ __|
g -
< B — -40% reweighting N
1:_ — -20% reweighting _:
0_8_— — +20% reweighting ]
o8- R =
0.4= — —
0.2~ —
O_I 1 1 ; 1 1 1 ; 1 1 1 ; 1 1 1 ; 1 1 |
£ 1.5F ]
-8 0.5 , , , , | | | | | .
o -1 -08-06-04-02 0 02 04 06 08 1
1000

900

800

700

600

500

400

0.0

1.0

0.9

0.8

10.7

10.6

10.5

10.4

0.3

0.2

0.1

0.0

Particle-level D

D

[ATLAS 2311.07288]

ATLAS
/s=13TeV, 140 fb'

L] —.— Limit (Powheg + Herwig7) |
---- Limit (Powheg + Pythia8)
O B Theory Uncertainty
- @ Data -
@ Powheg + Pythia8 (hvqg) |
§ B Powheg + Herwig7 (hvq) -
340 <my< 380 380 <myip <500 my > 500
Particle-level Invariant Mass Range [GeV]
1

3

TrC' = —3(cos p) < —

1
3

=) Entanglement
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1
Toponium-like particle: £ = Lsv — §¢(82 + M) + ¢

[Maltoni, Severi, Tentori, Vryonidou 2401.08751]

My = 343.5GeV, a=m/2

—0.9;

2M;¢

Toponium model
LHC 13TeV

SM Fixed-Order
¢+ ¢,=0.2
¢+ c,=0.4
¢+ ¢,=0.6

330

333 336 339
Mppa; [GEV]

342 345

Particle-level D

Yt
5

t(cosa + iy’ sina)t

[
[
ATLAS é.l
- /s=13TeV, 140 b’
X
o
—.— Limit (Powheg + Herwig7) |
--=- Limit (Powheg + Pythia8)
B Theory Uncertainty |
@ Data ]
@ Powheg + Pythia8 (hvq) |
B Powheg + Herwig7 (hvq) -
340 <mz<380 380 <my< 500 Mg > 500

Particle-level Invariant Mass Range [GeV]
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[CMS 2406.03976]
CMS

36.3 fo-! (13 TeV)

I/
[il/ I
/
[/
/1l/

=4 Data extr. with PH+P8

POWHEGV2 + HERWIG+++41, / s,
MG5_aMC@NLO(FxFx) + PYTHIAS + 7, / s,
POWHEGv2 + PYTHIA8 +n; / a1,

MC Stat.

MC Stat. @ Syst.

Entanglement boundary m(t8) < 400 GeV

-0.491+3-928

@1 Data extr. with PH+P8+n, B,(tt) <0.9
o —
without 7 |

———1
——1

Entanglement

()

o ‘ N
0.026 %!J
-0.480%5 059 ——e | @
*\f | | L | L | | |J| T R I N
-0.60 -0.55 -0.50 -0.45 -0.40 -0.35

-0.30

D

do/dm,_ (pb/GeV)

o

ek

Hagiwara, Sumino, Yokoya [0804.1014]

— — gg, singlet
. —. gg, octet
.- qq, octet

sum of all

-
—'_- :
-

340....

345

1 | 1
350

m_(GeV)
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Is entanglement sensitive to New Physics?

r
T Ay (YA 8 2 /= A
Oia = gs QTA(PO— tG,ul/ tq — 4f—1(Qf7uTAQf) (tfy'uT t)
\_
[Aoude, Madge, Maltoni, Mantani (2022)] [Severi, Vryonidou (2023)]
S Ot
gl pp, O — SM
0.8 F --- linear
06 I IRNIE quadratic
< )
@ 0.4 — ¢;/AN* = 0.7/TeV 0.05
| ¢i/\2 = —0.7/TeV? s
0.2 Tp)
o S
Ly | 7 \I\ IgiQaIOtIGI - § 0.00
0.8 I - \ chT)_)
- - a
- —0.05

0O 02 04 06 08 10 02 04 06 08 1

B

B

B = \/ 1 —4m?/M?%, : top velocity in the 7 rest frame

—0.50

A:

—-0.25  0.00 0.25 0.50
Cic [AN=1TeV]
— (Ckk + Ofr'r‘) — Cnn —1
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Is entanglement sensitive to New Physics?

(8,3) (8,1)

rate: Cp, " t+Co, T c%u + ch + cfu,

Spin (Bk -+ Bk) ;

tt spin-correlation/entanglement only

8,3 8,1) 8 8 | 8
B 62261 - Céq - CQu T Ctq T Ctu-

l Severi, Vryonidou (2023)

Run 111 Projection

® spin-correlation measurement has a good
sensitivity to new physics

Operator Current Global F'it
300 fb~! Differential
O (—0.03, 0.04] 0.00,0.11]
03 —1.0,0.7 —0.9,0.3
o3, —1.3,1.0] —1.3,0.6]
Oy, —0.7,0.5 —0.5,0.4
03 —0.7,0.6 —1.0,0.5
O —0.9,0.8 —1.6,0.9
04 0.4,0.3 0.4,0.3
05 1.1,0.8 —0.5,0.4

The SMEFIT analysis combined 317 measurements: [105.00006]

e 150 top-quark measurements:
tt differential distributions, single-top, ttZ, ttW  tZ, tW  four-top,
tthb, etc.

e 97 Higgs measurements.

e 70 diboson measurements: 40 from LEP-2 and 30 from the LHC.
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Observation of Bell nonlocal (BNL) state:

Ao(Bo + B1) + A1(Bo — 31)}

1({a,b}) =

(F({@, 5} = Tr[I({@,5)) - 1] > 2 BAL
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Observation of Bell nonlocal (BNL) state: Ay = do -

1({a,b}) =
(1({@,b})) pnr, = Tr[1({@,b}) - pni] > 2 BNL

(]14 + B; (Uz' 29 ]12) + Bj (]1 X Uj) + Cz’j (Uz' 0 Uj))

IS

® [For general state: p=

TI[IA . p} — ’(ao)icij(b() —+ bl)j + (al)icij(b() o bl)j‘

Ao(é(ﬁ-él)—l—fh(éo—éﬂ} By = b -
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Observation of Bell nonlocal (BNL) state:

1({a,b}) =

Ao(Bo + B1) + A1(Bo — 31)}

(F({@, 5} = Tr[I({@,5)) - 1] > 2 BAL

® [For general state: =

IS

(]14_'_32 (O'fL@]lQ)—I—BJ (ﬂ@aj)—l_CZj (O-z®0-3)) a1

Aguilar-Saavedra, Casas [2205.00542]

\_

s
‘Cm’—l—ij| > \/5 or ‘Cm‘—ij‘ > \/5

=) the state is BNL
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Experimental Reconstruction / Prospects

1 1 _
o1 =5(pat @), ¥ =5(Pa =) a=/0", b=/
1 do 1 1 [C11 + Cyo 059 - O — O 0 O
cdp,dp_ 272 32| 2 P ot
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Experimental Reconstruction / Prospects
1 1

o+ = 5lpat @), - = 5(0a ) a=10", b=1("
1 do 1 1 [Ci1 + Ca 0500 Ch11 — Ca 0590
cdp,dp_ 272 32| 2 P 2 Pt _
N (cos(wq F p) > 0) — N(cos(pq F wp) < 0) 16
A:: — _ _ Cll L 022 — A::
N (cos(pq F wp) > 0) + N(cos(pq F wp) < 0) T
threshold
Sy ICk + Cyyl - V2 IC, - Crypl - V2 | Aguilar-Saavedra, Casas [2205.00542]
] _ . — T ] 0.35 11— 0.35
. : “ 5= PEHDE| _ g 11 os : 1 P selection indicator 300 fb~' 3000 fb—!
_c§> ds _ : 18 0:2 —CEJ 06 _ central 0:2 Myf i ?3370 5 <08 |Cpp +Cyl | 270 9.50
R AU B S ] e
§ d4 ¢ : 1" 9 04 ,e="" '4;‘115 lcos Oon| < 0.2 Crr = Conl [ 170 0-80
02 N 02 ., 4 . .
VR e | 3 " NG Bell Nonlocality can be seen with
e T oLt ¥ TSR,
500 1000 500 ~1000  _.° _
\"" - (GeV) My (GeV) =~ - > 50 at HL LHC 01



What does the violation
of LHVT bound at

colliders mean? Spin-Spin
correlation

---------------------------------------------------------------------------

“* Detection loophole (only a part of the leptonic

channel is used) and locality loophole (two decay
points are not space-like separated.

“* We directly measure momentum. Spins are only inferred from them.
The observed momentum dist can be explained by LHVT.

“ LHVT is excluded by low-energy experiments. What is the point?

Abel Dittmar, Dreiner (1992), Dreiner, Ubaldi [2507.15949], Bechtle, Breuning, Dreiner, Duhr [2507.15947],
M.Low [2508.10979], Aguilar-Saavedra, Casas [2205.00542], Aguilar-Saavedra, Casas Moreno [2603.19389]



Can we test QM? n({,k
7’2
Beyond QM dP(g|S) 1+kqg-S
dfl, N 4
dP(g|S) 1+kg-S
i,
er = (F+n)/V2
. Prob(dy, ) = (1-2+%2) + Y26%(@, — €0)0%(@s — &4) + 20%(@, — e)6%(@, — &)
A oA 9 N . - R . - A
<Aa:'By> — ((qq - az)(q5 by)> ap =T d1 =N 0Oy = €4 1 — €_
K1R9
K1 = —Kg = I) =« AOEO> <Aof31> ( 11 By) — <A1f31> =4 > 2v/2 (QM bound)
e e/ e e/ A e e
+1 +1 +1 —1

Detection of QM violation is in principle conceivable!
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Beyond entanglement
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Available on the CERN CDS information server CMS PAS TOP-25-001

CMS Physics Analysis Summary

Contact: cms-pag-conveners-top@cern.ch 2025/03/12

Observation of magic states of top quark pairs produced in
proton-proton collisions at /s = 13 TeV

The CMS Collaboration

Abstract

An observation of magic states of top quark-antiquark (tt) systems produced in
mvntnin msmntamn AR A A A AL LA T LI A A A9 TANT in cmvnmantad NMais AALn A
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Quantum Magic

e Quantum computation promises substantial speedup compared to the classical counterpart.

e \What is the essence of the quantum advantage? — entanglement (?)
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Quantum Magic

e Quantum computation promises substantial speedup compared to the classical counterpart.

e \What is the essence of the quantum advantage? — entanglement (?)

Gottesman-Knill theorem: Any quantum circuit consisting only of

- Clifford gates (H, S, CNOT)

- Computational Input states, e.g., |0)®” D. Gottesman (1998)

can be simulated on a classical computer in polynomial time.

Clifford gates

Hadamard —H

ovor 1
L/

cCo O

CcC O =0
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Quantum Magic

e Quantum computation promises substantial speedup compared to the classical counterpart.

e \What is the essence of the quantum advantage? — entanglement (?)

Gottesman-Knill theorem: Any quantum circuit consisting only of

* Clifford gates (H, S, CNOT)
- Computational Input states, e.g., |0)®” D. Gottesman (1998)

can be simulated on a classical computer in polynomial time.

Universal gates

Clifford gates

Hadamard —H % [} _}]
1 0 0 O
cNoT ] 9l
U 0 0 1 0

1 0

T Gate — T 0 o
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Quantum Magic

e Quantum computation promises substantial speedup compared to the classical counterpart.

e \What is the essence of the quantum advantage? — entanglement (?)

Gottesman-Knill theorem: Any quantum circuit consisting only of

Clifford gates
- Clifford gates (H, S, CNOT)

| o Hadamard — H [ 5 ]
- Computational Input states, e.g., [0)®" D. Gottesman (1998)

COO -
QOO
OO0
OC=QOO

-0 O O
O =00

cCo O
OO O

can be simulated on a classical computer in polynomial time. CNOT l
L/

Clifford gates can create maximally entangled states:

— H ¢ ’ .
» 1(100) + [11)) ¢ Entanglement is not the essence of quantum
V2 advantage!

J

00) =p

D
\V
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® The essence of quantum advantage is non-Cliffordness, called “magic”
(non-stabiliserness)

e A useful measure of magic is the stabiliser Rényi entropy (SRE).
L.Leone, S.Oliviero, A.Hamma (2022)

e [For probabilities p; > 0, Z p; = 1, the Renyi entropy of order o > O is defined as

1
o) = - o (i
¢ In the limit @ — 1, the Rényi entropy approaches the Shannon entropy:

lim Ho({py) = sz log p;

a—1
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e For any |y) of the n-qubit system, the Pauli spectrum forms a probability distribution.

Pauli string:

Sp= WP 20 = 3 Zp=1  G=dwn=y) _"STS
PEP, n = Tp &0 O

Op — {]17 01,02, 0-37}
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e For any |y) of the n-qubit system, the Pauli spectrum forms a probability distribution.

PeP,

(d = dimH = 2™)

e The SRE is defined as the RE (a = 2) of the Pauli spectrum:

LN (g Pl

PeP,

Pauli string:
Pn=10u ® - Qopu,}

Op — {]17 01,02, 0-37}
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e For any |y) of the n-qubit system, the Pauli spectrum forms a probability distribution.

PeP,

(d = dimH = 2™)

e The SRE is defined as the RE (a = 2) of the Pauli spectrum:

LN (g Pl

PeP,

Pauli string:
Pn=10u ® - Qopu,}

Op — {]17 01,02, 0-37}

e Because (0]0,|0) = (1,0,0,1), for [¢)) = |0)®", (¥|P|y) =1 (for 2" terms) and O for others.

Ms(|y)) =0

(|¢) =10)*")
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e For any |y) of the n-qubit system, the Pauli spectrum forms a probability distribution.

— — . " Pauli string:
Ep=L1WPY) >0 = » Ep=1 (d=dimH=2") J
PcP, Prn = {Uul ®°”®Uun}
e The SRE is defined as the RE (¢ = 2) of the Pauli spectrum: Tp = 1, 01,02,03, }

Ms([h)) = —log Y %3 —logd=—log |1 D (¥|Py)*

PeP, . PcP, il

e Because (0]0,|0) = (1,0,0,1), for [¢)) = |0)®", (¥|P|y) =1 (for 2" terms) and O for others.

Ma([9)) =0 () =[0)=")

e Clifford unitary sends a Pauli string to another Pauli string (hormaliser)

C={U|U'OU € P,,” O ¢ P,,} == SREisinvariant under the Clifford unitaries
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The properties of SRE: L.Leone, S.Oliviero, A.Hamma (2022)

-Invariant under Clifford unitaries:

-M_(|w)) = 0iff |y) is a stabiliser state; reachable by Clifford unitaries from |0)®".

-Resource monotone: it does not increase under the stabiliser protocol.

(Clifford unitaries + Pauli measurements + stabiliser ancillas)
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Magic of top quarks : =y/1—am}/MZ, My ¢ SRE-2 for mixed states:
0 4
p—> p y 2_pep, 11" (pP)
My(p) = —1 n
_/ 2(10) OgQ (Zpepn TI'Z (pp))

2-qubit maximum:

16
M35 = log, - = 1.193

White, White [2406.07321]

0.6

5 | Q.Liu. I.Low, Z.Yin
B [2502.17550 ]

Magic is largely
complementary to
Entanglement

ENT:

MtE[GeVJ
M;|GeV|
MtE[GeVJ

Afik, Nova [2003.02280]
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Magic of top quarks : B=y/1—4m/MZ, My ot SRE-2 for mixed states:

6 4
. : > pep, Tk (pP)
P p M2 (,0) _ 10g2 PcpP, :
ZPePn Tr*(pP)

White, White [2406.07321]

T T T T T T T T T T T T T T T

0.6

0.4

Magic is potentially
useful to probe
*  New Physics

0.2

Cic/N> = 0.1 TeV~?
Oia = 9gs @TASEU o Gﬁu

Aoude, Banks, White, White
[2505.12522]

1¥COSH | | 107
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Magic at the LHC:

® Recently, the CMS reported a first measurement of magic in top quarks

CMS PAS TOP-25-001

138 fb™' (13 TeV) 138 fb™' (13 TeV)
= 4 cms ; Data = 14F cms T Data
1 ol Preliminary stat, total unc. 1 o[ Preliminary 1 stat, total unc.
E Powheg+P8 F Powheg+P8
= Powheg+H7 = Powheg+H7
08__ MG5+P8 08__ MG5+P8
- _ S MiNNLO+P8 - e MiNNLO+P8
0.6:— R 0.6:—
I s SR e -
0.4E "“"'jt_"'"‘ F 0.4E .
0.2 lcos(0)l < 0.4 0.2 R
O_ I I I O_ I I I
300-400 400-600 600-800 > 800 300-400 400-600 600-800 > 800
m(tt) [GeV] m(tt) [GeV]

Good agreement between theory and data.
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Ql measurements @ Colliders

— beyond 11 —
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h— 7717

¢ Yukawa interaction with the CP-phaseo: L > T H1)(cosd + iy5 sin d),

USM

e The spin state in the final state, # — 7777, is pure and momentum indep.:

Uy rr(0)) = —= (|4, =) + € |—, +))
e This state is maximally entangled regardless of o :
C(l¢) =1, Bensu(|¥)) = 2v2
e The spin correlation matrix carries the CP-phase 0
( cos20 sin20 O )
Cij = | —sin20 cos20 O

0 0 -1
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Dre"_Yan: Fabbrichesi, Floreanini, Gabrielli, [2208.11723]

Concurrence
>JW< M ;
500}
q T q T
S
(b))
2 B
E: g 0.5
100| 1 o
| £
50! ] 0.1
| ¢
0.0 0.2 0.4 0.6 0.8 1.0
20/71T
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Challenge in the experimental reconstruction: Decay K BR
T STV +1 10.8 %

TT = U +0.45 25.5%

e QST requires the reconstruction of the 77 rest frames.

e m_<< m, = Taus are highly boosted at the lab-frame. =y, —1/3 352%
s - 7t lab-frame )
\.T— T+/ boost e T o ¢
O 3 R T
{=~ ".:> ﬁ 4-—‘<; ;}.' R
spin ) " spin spin spin
_ ’ Yy,
a - )
JZ'+
_ / \ o+ T T H T_l_/' p—
T @ o "T‘( 07
,’: ¢~s~x “- = & >
,' spin spin U spin spin
4
- Y,

e Different configurations at the rest frames look very similar at the lab-frame.
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QIS studies for 77

e Reconstruction of 777 spin state is challenging at the LHC. See, however, Zhang et.al.
. | [2504.01496]
® Promissing for lepton colliders.

Facility, process, sample Entanglement Bell / CHSH What actually limits it

Belle || 77 continuum, 4630 370 Fast sim only: no backgrounds, no

2 % 10° pairs on tape systematics. Read as “>> 50, data in hand.”
BESIII ¢(25), 3.5 X 10° > 50 if syst. < 1%; no sensitivity Threshold correlations are small:

pairs 3.70 at 2% systematics-limited, not statistics-limited.
BEPC-Il /s = 5.6 GeV, > 50; 2.7% at 2% syst. 4.70 at 2% Best Bell prospect below the Higgs — if 2%
20 fb~1 Is reachable.

BEPC-II scan, 4.0-5.6 GeV, > 50; 4% precision 1.90 at 2%; > bo at  Spreading luminosity costs Bell reach:

20 points 0.5% concentrate at top energy.

ILC-250 H — 77, 3 ab™ ', > bo < lo Steering ~ 40; CP phase to |§| < 7.9°.
385 sig. + 20 bkg.

FCC-ee-240 H — 7, > bo ~ 30 Steering > 50; |6| < 5.4°. The only

5 ab™ !, 663 sig. + 36 bkg. Higgs-factory 7 Bell test.

Altakach, Lamba, Maltoni, Mawatari, KS [2211.10513], Ehataht, Fabbrichesi, Marzola, Veelken [2311.17555],
D.Jeans [2603.12609], Han, Low, Su [2501.04801], Ma, Li [2309.08103] 113



Re-analysis of LEP (DELPHI) data:

Chen-Hua Hsu'’s talk at BOOST 2026 conference

Traditional

I N r

+0.00 -0.00

| 1
+0.13 +0.13
~ +0.00 +0.00
+0.13 +0.63

+0.00 -0.01

+0.13 +0.63

+0.15 -0.01 -0.01

+0.08 +0.53 +0.51

BELL NONLOCALITY
0.424+ 0.393

CONCURRENCE
0.81 £ 0.264

Combined t*T~ spin density matrix

k

+0.15

+0.08

+0.00

+0.53

-0.00

+0.51

110

ML-based

Combined T+ 1~ spin density matrix
I n r Kk

+0.00 -0.00 +0.15

| 1
+0.08 +0.08 +0.05
_ +0.00 +0.00 +0.00
+0.08 +0.58 +0.35

+0.00 -0.01 -0.00

+0.34

+0.08 +0.58

+0.15 -0.01 -0.01

+0.05 +0.35 +0.34

BELL NONLOCALITY
0.424+ 0.311

CONCURRENCE
0.81 + 0.20
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H — V V* 1 (A1 A2) = (+—, —+)
Mg pe X ex, (k1) exy (ko) = § —B=—222 (A A2) = (0,0)

Vi(ky) 0 otherwise
H <
V7™ (k2)

pure 2-qutrit
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H — V V* 1 (A1 A2) = (+—, —+)
M, a, X €x, (k1) - ex, (ko) = { —B=—2252 (X)) = (0,0)

Vi(ky) 0 otherwise
H <
V7™ (k2)

pure 2-qutrit

0 =1 — Max. Ent.: L(\I ) —100) +| —+))

B — oo = separable: |00)

PB)

A.Barr [2106.01377],
Aguilar-Saavedra, Bernal, Casas, Moreno [2209.13441]
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Alice’s choice: = € {1,2}  Alice’s outcome: A, € {0,1,2}

Bell test for 2-qutrit:
Bob’s choice: y € {1, 2} Bob’s outcome: B, € {0,1,2}

® The probability that Bob’s result differs from Alice’s by k mod 3.

2 "
P(Ay=By+k) = Y P(As=j, By=j+k (mod 3)). maximally entangled
7=0

£

e Consider the following combination of probabilities: maximally nonlocal

I3 = [P(AlZBl)_I_P(Bl:AQ—I_l)—I_P(AQZBQ)—I—P(BQZAl)}
— |P(A1=B1—1)+ P(Bi=A43)+ P(Ay=By—1)+ P(By=A;-1) |

CGLMP ineq:

Collins, Gisin, Linden,
Massar, Popescu (2002)




® The density matrix of 1-qutritis3 x 3; Pmm’ (m = —1,0,41; a vector of SO(3))
e \We consider the multipole decomposition: 1 ® 1 =03 1 P 2.

e The basis operators Ty, (—L < M < L)

(L=1) Tol — %Jz, T—él = __—B(Jx T in),

(L=2) T2=2(T'T, + T\ T} +2(TH)?) T2 =/2(TLT] + T3TL) T2, = 2 (Th)",

e Orthonormalisation, conjugation relation

1r {T]\% (T]\[j/)]t} =30L1/0M M7, (T]\L4)Jr = (—I)MT_LM.
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® Any single-qutrit density matrix is written as

e The distribution of the decay product of the qutrit is given by

\% M spherical 1 do
L

harmonics

o df)

n= (92 —9%)/(g2 +9%)  m =

17 M x
P = § ]13—|-Z Z ALMTM Appm = (_1) (AL,—M) )
L=1 M=
BO_17
Bl — TV 27—‘-7757
L M ! 27T
= E_lJrZALMBLYL (9790)_ B2 =1/%-
LM
A2
L— dsiy ~0.13, (Z = £707)

2 4
1 — 43W - 83W

e Quantum State Tomography

[YMYM*dQ = 6110

Arv =

A7
Br,

f @ Gam) v e =5

Y2

events’
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2-qutrit case L=1,2and -L<M< L

15 ® 13+ Apyy Tiy @ 13 + Ay 13 @ T + Croanypoms Tt @ Ty

]
=9

® The decay distribution:

1 do 1 7 A A -
oA Yy (4 )2 1 BrApy Y (Q1)+BrA7 Y (92) BryBr,Crimyom, Yy, ($0)Y7,* (Q2)

e Quantum State Tomography: Aguilar-Saavedra, Bernal, Casas, Moreno [2209.13441]

1 dO' M
Y 1
_/ o2 dﬂldﬂg La
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Simplification 0++:

g6 Assumption 1: Higgs is a scalar = J, = 0 along the ZZ production axis
= only [+-), |00), [-+) can be populated.

= only a 3 x 3 block of the 9 x 9 density matrix survives.

6 Assumption 2: Parity even = all L = 1 coefficients vanish

| | — | |:l\/§A1 —|—2 :ll_\/§A1
e Only 6 elements remain: Pt=1 P—t,— 6( 2,0 )’ £00,00 3( 2,0)»

1 1
(3 parameters) P+—.00 = Po0,—+ = 3 C2,1,2,-1, pr— 1 = 350229 9,

e Peres-Horodecki condition: p’z < 0

Z 7Z pair is entangled <= (C519_.1#0 or Cs99 _9 # 0.

Al VA
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® From 0+t assumption:

1
Ig — (18 -+ 16\/§ — \/5 (9 — 8\/5) A%,O — 8 (3 + 2\/§) 02,1,2,—1 + 0 0272,2,_2)

~ 36
LM = 2.60

® Prospects at the | HC: Aguilar-Saavedra, Bernal, Casas, Moreno [2209.13441]

e SM prediction:

LHC Run-3 (300 fb-1) HL-LHC(3000 fb-1)

min mg, min mz,

0 10 GeV 20 GeV 30 GeV 0 10 GeV 20 GeV 30 GeV
N 450 418 312 129 N 4500 4180 3120 1290
Coi2-1 —098+0.31 —0.97+0.33 —1.05+0.38 —1.06+0.61 Co12-1 —095+0.10 —1.00£0.10 —1.04+0.12 —1.04=+0.19
Coo9—2 0.60+£0.37 064+038 0.74+043  0.82+0.63 Co292-2 0.60+£0.12  0.64+£0.12 0.74+0.14  0.83£0.20
I3 2.06 = 0.46 2.07 = 0.49 2.82 £ 0.57 2.88 £ 0.89 I3 2.03 +0.15 2.71 =0.16 2.81 £0.18 2.84 4+ 0.28

Entanglement ~ 30 Entanglement > 50

Non-locality ~ 20 Non-locality ~ 4.50
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ATLAS [2603.26463]

Measurements of Z-boson pair entanglement in
decays of Higgs bosons at the ATLAS experiment

The ATLAS Collaboration

Entanglement is a key property of quantum systems. In this Letter the first measurements of
quantum entanglement between spins in pairs of Z bosons are reported, using proton—proton
collision data from the Large Hadron Collider (LHC) at center-of-mass energies of 13 TeV and
13.6 TeV, recorded with the ATLAS detector. Measurements of angular observables sensitive
to ZZ* spin-density-matrix elements in the H — ZZ* — {*¢~¢* ¢~ process yield coefficients
Cr12.-1=-0.71 £0.45 and (> »,—» = 0.08 £ 0.44, consistent with their Standard Model
predictions. A complementary hypothesis test using the full angular distribution, and relying
on several Standard Model assumptions in the decays, provides substantially higher sensitivity
to quantum_correlations and disfavors the separable-state hypothesis at a significance of

Lil_.7 standard deviations (expected 4.90) relative to the entangled Standard Model hypothesis.
These results provide strong evidence of quantum entanglement between massive bosons (spin
qutrits) at the electroweak scale.

< 175+
~ 450 v's =13/13.6 TeV, 140+164 fb™! SM-QE H —» ZZ*
L H—2ZZ* - 4¢ non-QE H — Z2Z*
C e 2
L 125 2V, WV, VWV
L] B +jets, tt

100 w1 Uncertainty

75

50

25

Cooo _2

CoOM{2M, = 407 9% (Y21\41(91,¢1) XY2]\42(6’2,¢2))

likelihood-ratio test; SM vs separable |00)
hypotheses

Entanglement ~ 4.70

CMS reports a similar result [CMS PAS HIG-25-011]
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Open Quantum Mechanics
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How does the system evolve in an environment?

system (4) (f)
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How does the system evolve in an environment?

unitary evolution

total i 5 i 0
() g ol ‘ , U0 @ pHu

120



How does the system evolve in an environment?

Pg ng)

Quantum Channel &£

(non-unitary evolution)

127



Decoherence: Interacting with an environment, the system becomes more classical.

(al0) +b]1)) @ |E)

1283



Decoherence: Interacting with an environment, the system becomes more classical.

unitary evolution system-environment entanglement

T
(al0) +b|1)) ® |E) J—) al0) ® |Ey) + b|1) ® |Fq)
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Decoherence: Interacting with an environment, the system becomes more classical.

unitary evolution system-environment entanglement
‘ T~
(al0) +b|1)) ® |E) al0) ® |Fy) + b|1) @ |E7)
l TTE l TIE
coherence term
@y (|al? RO ( al? ab*<E1\E0>)
Ps = \a*b  |b]? > \a"b(EolEr) b
‘l' <E()|E1> — ()

classical 0) po=laf < al* 0
ensemble | |1y, — ()2 0 |b]?
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measure spin-z component

T —>§
__>ﬁ-

131



measure spin-z component

T —>§
__>ﬁ-

coherent superposition of a wake and sleep cat”?
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measure spin-z component

T —>§
__>ﬁ-

coherent superposition of a wake and sleep cat”?
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measure spin-z component

+ = S - Env(07)
— = & > Env(ly)

1

\/5[ +)& ‘Q) R[Env(07)) + |—)® \:ﬁ‘> ®|E5:f(”)>}

134
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© 1B ®Env(07))

(+81

classical
ensemble

—)® | ) @lEnv(17) |

l 1rp A = (Env(17)[Env(07)) =0
A~




Quantum Channel: Evolution of the system in an environment

ps)) = Trw [U(ps’ @ 10)(0]p)UT

pi’ = 10)(0]
total ; ; ; ;
5 ©ply L Ulps’ ® pi U

(closed) Ps

e

system (2) (f)

(open) Ps ‘ > Pgsr

Quantum Channel & : Hg — Hgr
E" (S") may not be the same as F (5). (non-unitary evolution)

136



Quantum Channel: Evolution of the system in an environment

pg‘f;) = Irg [U(pg) ® |0) <O‘E)UT]—w {|k) g }: basis of the traced out Env.

= 3" (ke (U6 @ ) 01U )

E" (S") may not be the same as E (.5).
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Quantum Channel: Evolution of the system in an environment

pg‘f;) = Irg [U(pg) ® |0) <O‘E)UT]—w {|k) g }: basis of the traced out Env.

= 3" (ke (U6 @ ) 01U )

_ I T
— Z K. ps Kk operator : Hs — Hs
k

E" (S") may not be the same as E (.5).
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Quantum Channel: Evolution of the system in an environment

pgj;) = Irg [U(pg) ® |0) <O‘E)Uf]ﬁ {|k) g }: basis of the traced out Env.

= (Kl (U5 @ 10)(0]5)U )

R

_ I !

— Z K ps K, operator : Hs — Hsr
k

e { K1} are the Kraus operators, satisfying

Y KKy =) (0[gU k) g (k| 2 U0) g = (0]gUTU|0)p = 1
k k
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The quantum channel ¢ isamap £ : Hqg — Har

ps) = pd) =Elp1 =Y Kipd K D K[Kp =1
k k
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The quantum channel £ isamap £ : Hq — Ho

ps) = pd) =Elp1 =Y Kipd K D K[Kp =1
k k

Properties: Z Z
Tr[pd)] = Tr (2, K Kipt?) = Tr[p?)]

® Linear

—1 T
® Trace-preserving pqu;) = ZK k\/ pg Kk \/ pg)

e Completely-positive

For ,5(7’) = Pext & ,05 and Kk = 1.« ® K, the extended map p(f) > f(kﬁ(i)K,i 1S positive.

36 Any linear Completely-Positive Trace-Preserving (CPTP) map is a quantum channel.
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Single-qubit examples:

® Phase-flip Ky = \/1 —pl, Ki=,/po.

p= 31+ Bioi] — &(p)=(1-p)p+po.po.
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Single-qubit examples:

® Phase-flip Ky = \/1—p]1 K1 =+/po.

p= 31+ Bioi] — &(p)=(1-p)p+po.po.

%[]1 + Blo;] B. = (1-2p)B,
B; = (1 -2p)B,
B, = B,
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Single-qubit examples:

e Phase-flip Ky = \/1 —pl, Ky=./po, e

p= 31+ Bioi] — &(p)=(1-p)p+po.po.

= 3[1+ Bjoi] [ B, =(1-2pB,
BQ/J = (1 - QP)By
B’ = B,
® Depolarising Ky = \/1 3f 1, K; = \/éai, \l'
e Ia
p—> &(p) = —p)p+ps3

oipo; =21 —p
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Choi Matrix: A quantum channel can be described by a single matrix.
di, = dimH;q
douy = diImH oyt
D = diy, - dout

e Consider an input state: pj, = Zi,]- piili) (|

145



Choi Matrix: A quantum channel can be described by a single matrix.
din — dim%in

e Consider an input state: pijp, = Zi,]- Pij‘i> <7| Aot = dimMH oyt

e Quantum Channel: & (py,) = Zﬂijg (1i)(]) D = diy - dout
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Choi Matrix: A quantum channel can be described by a single matrix.
din — dim%in

e Consider an input state: pi, = Zi]-ﬂij‘i> <7| d dimH
; out — Ul 71yt

e Quantum Channel: & (pi,) = Zﬂijg (1i)(i]) D = diy, - dout
i.j

e £(]i)(j|) isanoperatorin Hout —> [E(]1)(j])]as = (a|E(]i)§])|5)
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Choi Matrix: A quantum channel can be described by a single matrix.
din — dim%in

e Consider an input state: pi, = Zi]ﬁij‘i> <7| d dimH
; out — Ul 71yt

e Quantum Channel: & (pi,) = Zﬂijg (1i)(i]) D = diy, - dout
i.j

e £(]i)(j|) isanoperatorin Hout —> [E(]1)(j])]as = (a|E(]i)§])|5)

® Definethe D x D Choi matrix as / cach block is a dy+ X doyt matrix
e(n]) eqne) - E(1){dnl)
~ 1| €0 (2@ - E(12){dnl)
&= d. : : . :
E(ldin) (1)  E(ldin)2[) -+ E(|din){din|)

¢ The Choi matrix has complete information about the quantum channel. e



() qnel) - E(1)(din])
& E E

g= L| FHDEtmel e ST e gl = aleins

o

e The Choi matrix is Hermitian £ = &

e QC is Completely-Positive <> £ is PSD £ is a state in Hin @ Hout

® QC is Trace-Preserving < Ir g =1 “Channel-State duality”

Choi—Jamiotkowski isomorphism
Jamiotkowski (1972), Choi (1975)
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Time evolution of open quantum systems Ko =1+ Got

. . _ R i>1
e Consider a short time interval ot K LJ\/ﬁ ( )

p(t+0t) = Kop Kj + > K; pK)

j=1
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Time evolution of open quantum systems Ko =1+ Got

. . _ R i>1
e Consider a short time interval ot K LJ\/ﬁ ( )

721 7>1
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Time evolution of open quantum systems

e Consider a short time interval ot

p(t+6t) = Ko p K + ZKJ'PK}L =p + |Gp+

j=1

® [race-Preservation condition

v
I = K{Ko+ Y KIK; =1+
j=1

_ .
G+Gl+) LiL;

721

N —— —

Ko=1+ G ot
K, = LV3t (=1

j=1

1
ot — G:—z‘H—§ZL}Lj

g1

= (
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Time evolution of open quantum systems

e Consider a short time interval ot

p(t+6t) = Ko p K| + ZKMK}L =p+ |Gp+

j=1

® [race-Preservation condition

v
I = K{Ko+ Y KIK; =1+
j=1

_ .
G+Gl+) LiL;

721

Ko=1+ Got
K, = LV3t (=1

j=1

1
ot — G:—z‘H—§ZL}Lj

g1

= (

The GKSL (Lindblad master) equation:

Gorini, KossakowskKi,
Sudarshan (1976),
Lindblad (1976)
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. . d - 1 :
Single-qubit example: d_f = —i[H,p] + ) |LipL} ~ S{LL;, p}
— | _
® Dephasing
. poo = p11 =0
L=\/30. = p=3(0p0.—p) = 1
P01 = —7 * Po1

= p(t) = ( poo(0) €™ ﬂm(O))

e~ " p10(0)  p11(0)

coherence (off-diagonal) terms decay exponentially
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Application

e Reconstruction of QC; probing NLQM

® Decoherence as radiation effects

155



T t
p(a)jut < CC% ) C%

e t '\

tt spin state subject to a kinematic selection x

Pin —|—> Oct

target channel Z.(pin) = 0.+ (Quantum Instrument)
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€ {
¢ o€ 5 pu >.< s €Cl a2
e t '\

tt spin state subject to a kinematic selection x

unitary evolution

M Fock ’ :
SM Fock space Oin X P(E) 4\—> S [Pin ®P§3)]ST

(closed)
T J/ PZL’ : TI'E/

Pin —|—> Qca)jut

target channel Z.(pin) = 0.+ (Quantum Instrument) -



e~ el spin basis (ii) (iii)

. I?‘]:IG_@‘]G Pin & P S in & S
(1) Pin — Z pin[[,]],[K,L]‘17]> <K7L| LTy =11) [T )ex space E —> Slp PE |
I,],K,L I’ J’ K7L S {_|_7 _} T l(lv) P:Uy TI'E/
Pin  —> qut
(i) (V)
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e~ el spin basis (ii) (iii)

(1) /Oin — Z ,Oin[l ]] [K L] I,]> <K7L| u? J> — |I>e— X |J>e+ Sljboac;ke Pin X pg) —_—> S[,Oin ®p%)]sf
o PR T l(iv) P,, Tre:
(i) Pin = |Pin) (Pin| @ pin = Z Pinfr) k.1 1Pins L, ]) (Pin; K, L| p(l;l — Q(gu)t
1 \%
I,],K,L

1569



e~ el spin basis (ii) (iii)

(1) pin = Z pinr . k.0 1 ) (K, L L, J) = e ® e sliooacci; pin ® P — Sl @ pP]ST
I,],K,L I,J,K,L €{+,—} T ‘l'(iV) P, Trg
(ii) Pin = |Pin) (Bin @ pin = D Pingiy iy Pini 1.J) (Bini K L| S
I,J,K,L i v

(111) ﬁout — SﬁmST

T

a superposition involving

t??, W_I_W_, ,u+,u_, ’u_l_lu_fy’. ..
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e~ el spin basis (ii) (iii)

(1) /Oin — Z ,Oin[l ]] [K L] I,]> <K7L| u? J> — |I>e— X |J>e+ Sljboac;ke Pin X pg) —_—> S[,Oin ®p%)]sf
o PR T l(iv) P,, Tre:
(i) Pin = |Pin) (Pin| @ pin = Z Pinfr) k.1 1Pins L, ]) (Pin; K, L| p(l;l — Q(gu)t
1 \%
I,],K,L

(111) ﬁout — SﬁmST | * .

A d’p,
a superposition involving dil = 2 )SIZE
m)” 2E;

tf, W+W_, ,u+,u_, ’u_l_lu_fy’. . —
tt spin labels
A7B707D S {071}
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e~ e’ spin basis (ii) (iii)

() pn= oy e LHEL  BN=Deeie B paesl) —s sl e )s
o PR T l(iv) P,, Tre:
(i) Pin = |Pin) (Pin| @ pin = Z Pinfr) k.1 1Pins L, ]) (Pin; K, L| p(l;l — Q(gu)t
1 \%
I,],K,L

ceon = o= cf r 1
(111) Pout = SpinS .
(iv) | Pe= Z/dﬂw pr A, B){pr A, B

(V) Qai = Trp | PxPout Px] A d’p.

5 il = (27)’ 2E;
= Z Z pin[I,]],[K,L]/dH*ycS (pr; A, B|S|pin; L ]) X

I,],K,L A,B,C,D

x (pin; K, L|ST|pf; C,D)|A, B)(C, D)

tt spin labels
A, B,C,D e {0,1}
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e~ e’ spin basis (ii) (iii)

(i) pin= ) Pinpry iy lL)) (KL L J) = Hem @1 )er sone Pn @ Py — Slon @ plg))S"
o PR T l(iv) P., Tre
(i) Pin = |Pin) (Pin| @ pin = Z Pinfr) k.1 1Pins L, ]) (Pin; K, L| p(l;l — Q(gu)t
I,],K,L i v

(111) ﬁout — SﬁmST .
(IV) Py = Z/dH75 ‘pf7A7B> <pf7A7B‘

(V) Qai = Trp | PxPout Px] A T d’p.
N " (27)’2E
=53 e A A B L) |
1,],K,L A,B,C,D X g IJ A tt spin labels
koc MA,B ) A,B,C,D e {0,1}

x (pin; K, L|ST|ps; C, D)|A, B)(C, D]
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e~ eT spin basis (ii) (iii)

(1) Pin = Z ’Oin[Ia]]a[KaL] ‘17]> <K7L| 1, ) = L)e= @ |J)e+ Sioaike Pin & sz) —> Spin ® p%)]ST
I,],K,L I,J K, L € {_|_’ _}
T l(IV) P, 1re
(i) B = [Pin) Pinl @ pin = > Pini. i1y Pins L) (Pin; K, L P
LKL (1) (V)

(111) ﬁout — SﬁinsJr
/ (1v) | Px= Z/dnw A, B)(pr A, B
(V) Ox = Trp [fpxpoutpx] AB "7

dIl; = (zdzfi

. .~ A ZE,'

=) ) Pk /dHMs (pf; A, B|S|pin; I,]) X

I,]J,K,L A,B,C,D 4 ~ 7 «nin Iabels

T X Mﬁx’]B jg(;; |

x (pin; K, L|ST|p;; C,D)|A,B)(C,D|  * LI B.C.D € {01}
= K
— /x dlpipsE (Pf) pinE! (Pf) ope raiiliz E(py) = \/250 Z M 31A,B)(L]|

I,],A,B




Choi matrix

1 1 1

IX(‘17]><K7LD[A,B],[C,D] — di. o nr 2s /dHLIPsMﬁx{B (Mléé)

(111) ﬁout — SﬁmST
(IV) Py = Z/dn’y5 ‘pf7A7B> <pf7A7B|

(V) Qai = Trp | PxPout Px] " . d’p;
i " (2m)’2E
=SS pnier / dTL, s (pfs A, BIS|fins L) |
I.J.K.LA.B.C.D e I ) tt spin labels
X My A,B,C,D € {0,1}
x (pin; K, L|ST|p;; C,D)|A,B)(C,D| ~ * :
Kraus
— /dHLIPSE (pf) IOiIlEJr (pf) operators (pf) \/250‘ Z M ‘A B <I ]‘
X I,],A,B
~ 165




Standard Model prediction (LO):

6_6+\
. . . . +
MG = MET = €03 oy sin(dy + di). € t
i/ i 7JS - . | A
" MG = =Y S5 ch(L 4+ cosO)dy (1 - 8) + dip(1+ B)].
++ i¢ S i i e n
Miyw = —e Z A2 cp(l —cosO)[d(1+ B) +dgr(1 - B)],
—— —— —1 S —1 7 - i i
My = My = —e ¢22A2fy Leh sin@(dy + dY),
—— —i S i i i
Moy = —e ¢ Z A2 cr,(1 —cosO)|dy (1 — B) +dp(1+ B)],
—— —i S i i i
Mg = =€) —ei(1+cosO)dp(1+ B) + dg(1 - B)],

1 1 1 .
Le(ILIK LD p o) = 7 28 / dlTyips M (Mléf)>

Nc ¢ / 1.J
ON = 2 Z ‘MA’,B
12872 s4/s L TAB
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The SM Choi matrix ( p;, = 0, ) :

[(++’++)

~ 0
0
Ié__ﬁ_l_)

o O O O
o O O O

(+) .2 ag;)39(1+69) CL%)SQ(l—Cé’)

A1+ el se(1+¢p) ag;)(l +cg)? ag;)(l - c3) CLQZ)SQ(]_ +cp)
dcosOdop CL:(;l_)SQ(l co) aég)(l —cz) agg)(l ~cp)? aé?se(l —co) | o) _
afi’ss  ase(lve) alFlsil-co)  afls S
o172 aly)se(1-ce) alise(1+ce)  aly7s? Oy =
dr ) L2 ay; Vso(1+cg) asy'(1-c2)  a$y”(1+co)?  agy so(1+co)
dcosOdo agl—)SQ(l cy) aé_;_) (1—-cp)? a:(,);_) (1-c3) @éz_)S@(l —Cg)
afﬁ_)sg CLE;Q__)SQ(]. —¢p) afl};_)s@(l +cp) afl_z_)sg | ey =
ansy aiyse(l-co) ayse(L+ce)  ay))s;
a1 el s(-co) a0l (1-e0)? e (1-ch)  af)so(1-co) iy =
dcosfdd a§1)39(1+09) aég)(l—cg) aég)(1+c@)2 a§2)89(1+ce)
asy 53 ayy so(1-co) ags se(1+co) as)) 53 o prrer =

O [(__7++)

(+) 2
A4 S¢

(

ath) _
V/5=370 GeV

0.503 —1.442 0.364 0.503
(1.442 4137 —1.043 1.442) 102
0.364 —1.043 0.263 0.364 ’
0.503 —1.442 0.364 0.503
~0.800 0.264 —1.979 —0.800
( 2.293  —0.758 5.676 2.293) 102
~0.578 0.191 —1.431 —0.578 !
~0.800 0264 —1.980 —0.800
1.271  —0.420 3.146 1.271
(0.420 0.139 —1.040 0.420) 102
3.146 —1.040 7.788  3.146 !
1.271 —0.420 3.146 1.271
0219 —0.777 —0.494 0.219
(0.777 2.755  1.751 0.777) 10-2
~0.494 1.751  1.113 —0.494 ’
0219 —0.777 —0.494 0.219
~0.340 —0.810 —1.162 —0.340
( 1.205  2.870  4.117 1.205) 102
0.766 1.824 2617  0.766 :
—0.340 —0.810 —1.162 —0.340
0.527 1.256 1.802 0.527
(1.256 2.990 4.290 1.256) 102
1.802 4.290 6.154 1.802 ’
0.527 1.256 1.802 0.527 167



The SM Choi matrix (p;, = 05, ): 7/
I£++’++) 0 0 Iag++,——) o n
~ 0 0 O 0
o = 0 0 O 0
£ (VI
® [his zero structure Is broken by new physics:
s-channel scalar s-channel tensor t-channel scalar
v v v

%[@Eewe] [@Etwt] 9 %We%u%] [&tguywt] 9 %[@ewt] [&twe] .y °

LO of new physics can directly competes with NLO of SM.
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Experimental reconstruction of the Choi matrix (Quantum Process Tomography):

® Need an informationally-complete set of beam polarisation settings:

I, J){K,L| I,J,K,Le€{+,—} <— 24=16 basis operators
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Experimental reconstruction of the Choi matrix (Quantum Process Tomography):

® Need an informationally-complete set of beam polarisation settings:

1, J){K, L| I,J,K,L € {+,—} <— 24=16 basis operators

4 e polarisations: pf, .~ =n(¢,+), .- =0, =), P =g, D), pf - =n(q,7)

4 e polarisations: ,0;;176+ =10 +)s Pper =M@ =)y Piner =0T T), Py 0 = 1T Y)

n) = gn)m/+ 541 =3[(1+g)n)n+(1-q|-n)-n]= > ) IE]

I, K==
\ \ polarisation axis

purity of polarisation (0 < ¢ < 1)
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Experimental reconstruction of the Choi matrix (Quantum Process Tomography):

® Need an informationally-complete set of beam polarisation settings:

1, J){K, L| I,J,K,L € {+,—} <— 24=16 basis operators

4 e polarisations: pf, .~ =n(¢,+), .- =0, =), P =g, D), pf - =n(q,7)

4 e polarisations: /0;;1,@+ =10 +)s Pper =M@ =)y Piner =0T T), Py 0 = 1T Y)

n) =g+ 21 =L[1+g)m)m[+(1-g)|—n){-n]= > O INEK|

I, K==
\ \ polarisation axis

purity of polarisation (0 < ¢ < 1)

® [nversion (electron beam): l+q —(1—q) 0 O =L (14 +il-))
2
L | —(1+2) —(1+12) 2 24
(1, K) a _
ZX A 2g | -1+t —1+4+¢ 2 -2
—(1—-q) 1+q 0 O
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Experimantal reconstruction of the Choi matrix (Quantum Process Tomography):

® Inversion (electron-positron beams):

é )
(a,b) _ b . .
Py = pian,e— & Pig et Y = X, 4 The. reconstruction of all 16 |n|t|all
basis operators from the 16 physical
J,L)  a,b beam polarisation states.
1INK, L] = Y X8RO o P
a,b
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Experimantal reconstruction of the Choi matrix (Quantum Process Tomography):

® Inversion (electron-positron beams):

é )
(a,b) _ b . .
Py = pi“n’e_ & Pig et Y = X, 4 The. reconstruction of all 16 |n|t|all
basis operators from the 16 physical
J,L)  a,b beam polarisation states.
1INK, L] = Y X8RO o P
a,b

- ,

, a,b J.L
T.(|I,J)(K,L|) = ZXC(LI,K)YI)(JL)I$< p®ly = ZXCSI,K)Yb( )Qéa’b)

T a,b a,b T

reconstruct reconstruct
QPT QST
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Experimantal reconstruction of the Choi matrix (Quantum Process Tomography):

® Inversion (electron-positron beams):

(" )

CL,b a
IOi(n ) — pin,e_ ’Y p?n et Y = X‘C]—Nj

LUK, L) = 3 Xy pid

J, L b
T.(|I, J)(K, L)) = Y XPRy T (pht

T a,b

reconstruct reconstruct
QPT QST
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I (|1, I)E, L) s g e

\ J

Precision test of SM / \I‘Dositivitv test of QM

~

Amin(Z;) = min {\ | det (Z, — \) =0}

I£++’++) 0 0 I;++’__)
~ SM 0 0 O 0
Lo = 0 0 O 0

o™ 0 0 15T

Linearitv test of QM

rediction in,new Tex
[QCU]FA B]l[C, D] — Z IO[I J[K,L] I p(“[ J><K L|) 1[C, D]

,L [ I,J][K,L]
J QPT = reconstruction of the theory

check

experimentally
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High Energy test of QM

Born rule:- Linear time-evolution:

(A)y = (Y|Alp) (1)) = U(t) |[(0))

| |

Bell test Quantum Process Tomography
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Decoherence as the radiation effect



SOft

collinear

system

system

CI1V.

system

system

CI11V.

1783



Collinear emission: splitting function

k
@ A: 9 .
l _AT [/
Ek ~ (1 —Z)Eg

kT ~ (1 — Z)Ej;@
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Collinear emission: splitting function

k
@’\: 9 |
Z—Arz

kT

Ek ~/ (1 — Z)Eg

- K==y 1) Ke=— (i) b ~ (1 2)E: 6

V1—2
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Collinear emission:
k
@_ A: 9 |
1 —AT ()
kT

—) K. (z2)= \/11—,7; ((1) 2)

—) K.

(z) = a(z) 1+ b(2)os,

phase-flip channel

1
V1-—2z
1+ 2

2v/1 — 2

splitting function
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Collinear emission: splitting function

k
@’\: 6 |
Z—Arz

kT

. | ) EkN(liZ)E%
- k-2 (1Y) k- () eeuo o
14z V1—2
m) K. (z)=a(z)1+£b(2)o3, a(z)= Vi b(z) = -
phase-flip channel
1 —
=) ZK/\ PKT( ) = PU(Z)p | > Z(UgﬂUs—ﬂ) Pi(z) = 1;122
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max k% = ()0 (0 < 1): emission below this kr is unresolved.
0

1
@_ i _A 7 Q ~ v/§: hard scattering scale

-

~

o~ kr
(Q0 ——— > my (IR cut-off)
® \We integrate out the radiation below k7%* ~ Q0 Q6
) ————— In —
. T Qo m s
® [he splitting probabillity is given by PR T
v
M, 1]? d®,, o ) ’
dP(z) = My L = ZPy(2)dzdt
‘Mn 2 dq)n 70 1 4 ZQ
Py(z) =~
® This leads to <
o l—e - . .
T Jo - - atz — 1
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el

dpreal —

2|0

a |
0

dz_




o




(03P 03 — ,0)
Qo
E(UBPUB —p)
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2 1—e€ _ .
|W dpreal = gdt/ dz 9/(’2) p 152 (0'3p 03 — 10)
v 0 _ _
[ ] 1—e
\/'“’uu<x\/““’é dpvirt — Cvdt/ dz Pyé) P
n 0

dp «

: _/1d'z1 _Z(USP% — p) = —(o3p03 — p)
at  mw J, 2 T

RG & GKSL

= LpL" — 3{L'L, p}
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el ey

8}

1
1 — 2
=2 | et (oapos - p) -
0

T

decay of coherence

@
4—(03/003 —p)

-
= LpL" — 3{L'L, p}




Decoherence by radiation:

Lindblad (GKSL) Master Equation = RGE

Vet 2 ot 2 (65 @ 1) s (63 © 1) + (T @ 65) s (1 @)
dr o Peff 1. |\93 Peff (O3 03) Peft 93)

t =log(Qd/pn) @ :Hard scale, i : RGE scale, § : Angular resolution

1.00
V\z 5
f 0.98}
\ Aoude, Barr, Maltoni,
096 o= 1/10 Satrioni [2504.07030],
g  a=1/50 Lin, Shao, Wang, Yang
. = 0.94 o= 1/137 [2510.1395]
f 5 0-922' Q = 125GeV
HIHI 0.905_ m, = 1.777 GeV
X ™ ST
% 0.02 0.1 0.2 0.3 0.40.5
\ 0
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]
S
A

: . N tomated calculati ete” ~ttg |/
Experimental prospects: S | DHER0 (2026109 oo cev frcte ot [
O 0.3- X analytical calculation B ' B f g‘g
. V t hy of L/ F A
® Decoherence detection @ LHC S 0.2{ @ topdecay products 2=
| [ [} [ | Z!U
and ILC is promissing = - e
- 0.1~ —-8C —=<
O //// f 1
Aoude, Camacho, Durupt, Garcia Mir, Maltoni, O 00 . . —ae” T
Llacer, KS, Satrioni, Vos [2604.16268] 0 20 40 100 120 140
Inclusive + radiation
Machine S = Ff,;l
ab~! dilep. all ch. | dilep. all ch.
linear ete™ | 0.5 | 8 p% > 30 GeV - 0.23 / 0.11 |3.00 / 8.20 | decoherence
dilep. all ch. |dilep. all cn.| detection

LCF [44] | 10 | &%

- 0.15 / 0.07

4.60 / 120

LHC Run 2 | 13 | 140 pl > 250 GeV

- 0.12 / 0.04

dilep. all ch.

dilep. all ch.

5.80 / 160

HL-LHC [64]| 14 | 3000 pl > 250 GeV

- 0.06 / 0.02

dilep. all ch.

dilep. all ch.

120 / 340

190



Thank you for listening
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Back up
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Weak decay = self spin-measurement:

~

\_

Spin measurement in QM:

A

m

measurement axis

) 1+ - S
Prob(+|m) = | (41 | +5) 2= T m

2

~

)

~

\_

Weak decays:

A

q

direction of a
decay product

= Uy

A

2rdl’  1+kq-S
L dQ 2

Works for all weakly decaying particles inthe SM: ¢, 7, W —, 2
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dP(g|S) 1+kq-S
dfl, N 4

Normalisation : / dQ), dP(q|S) —1
dQ,

Conditional prob.:

Prob. density for S: P(S)

Avrg of S,: (S.) = / dj}: (G- 8)P(3)
S, - .dP(q|S) ..
Avrg of q,.: (qa) :/ /dﬂ (a - q) P(S)
47 1 dfl,
B / dS) / ds},
B 47 47
d§), .t d
:/ azP(S)/ ﬁC@(l—FKJC@)
47T 1 2

C(Sa)

Spin
& axis
a
q
decay
product
S'=(0,0,1)

a=(az,a,,a;)

A

q = (59C¢, 5054, Co)
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| . dP(q|S) 1+4+kqg-S
Joint prob.: P(S,S) dQ,  4r

dP(q'|8) 1+4++q -8
)P(S,8) Ky i

d€). dSd. A A
(S, = / (@-8)(b- 8
Adm 47

~
-, .dP(q|S)dP({|S) ., & o
a (2,d, P(S,
(o) /M 4Wal iy (a-a)(b-a)= 0 2 = I P(S.S)
g A2y
- 47T 47T 47‘(‘ A7 (az80Ce + aysesg + a.ce)(brsercy + bysersy + bocor)
(1+kep)(l+ kK cef)P(S', S’l)
. Y deg dey KK
— Zb P S S / 1 1 ! / N /
/47T 47Ta (S, )/_1 5 5 cocor (1 + K co)(1+ K cor) 9<SaSb>
9 /
<S Sb> <QaQb>

KK
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e Consider a measurement operator for the spin axix P :

. 1 . k| =1 : projective
M(P)= —(1+kxP-o)

4m k| < 1 : weak (POVM)

A

positive: M(P) >0 (|| <1)

e

Tr|M(P) - p| <+ probability

A

complete: / dQM(P) =1

e For pZ\TsMTs|=%(11+S’-0),wefind

Prob(P|p) :TI[M(P) p| = i(1 “SP) —

= probability dist. = decay dist.

length from origin ~ probabili

%



® Experimental average of j-th component the decay product direction:

df)
1= 0

1 dI df) K
\45) = /dQ I' df? 4 :/E(l_'_,{siqi)% - §Sj %qiqué&j

Experimental reconstruction of the spin:

4 o )
SJ:E<QJ> (j:17273)
\_ W,
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(g 1 A

— 1 B -4 B- - & .. C -6
\ [' d€21dS2s (47r)2( T R1 D1 gy T K2 D2 Qy T Kik2 4 q>) )

1 dl’ dﬂl K1
) = (21dS2 i = B i = o D1
<C]1 > /d 10349 [ dQ;dQs d1 / e R1Di1k 41k41 3 1

1 dI d€21 dS)s K1K9

Experimental reconstruction of the density matrix:

g 3 3 9 o
Bii = —(q1i), Boi=—{(q2), Cij = (q1i92i) -
40 K1 K9 RK1KR9
4—%‘ =0 \ J
-
dO 1 “Quantum State Tomography”

I v a— _5..
47_‘_QZQQ 3 17 o



Detalls of neutrino reconstruction

ATLAS (2311.07288)

CMS (2406.03976)

Channel
Algorithm

Fixed inputs

Resolution

Output per event

Choice among roots

Jet—lepton pairing

b-tagging fallback

On failure

Correction

ey only, 140 fb™!
Ellipse method |1] , analytic

mw = 80.4, m; = 172.5 GeV

single pass on measured objects

one solution

lowest my;z

both assignments tried; at particle level
minimize |m; — m(Wiby/2)| + |me —

m(W2b2/1)|

if only one b-tag, use the leading un-
tagged jet

Neutrino Weighting [2] (~5% of events,
scanning 7, and weighting by agreement
with p7%%); if that also fails, each lepton
is paired with its nearest b-jet as a prozy

for the top direction, with no neutrino at
all

calibration curve, detector — particle
level (fiducial)

ee, Lit, ep, 36.3 fb~*

Kinematic reconstruction [3| , analytic
+ smearing

mw = 80.4 (smeared, rel. Breit—-Wigner
[ =2.1 GeV), m: = 172.5 GeV

jet and lepton energies and directions
smeared by their resolutions, 100 smear-
Ings per event

weighted average of the smeared solu-
tions, weights from the expected m(£b)
spectrum

lowest m(tt)

all suitable b-jet pairs and both assign-
ments; the one with the largest summed
weight wins

untagged combinations tried only if no
solution is found

event rejected (~9%); efficiency param-
eterized in lepton pr,n, Np and pp™°,
with scale factors derived separately for

ee, [, ep

profile likelihood fit with templates, to
parton level

[1] Betchart, Demina, Harel: 1305.1878, [2] DO Collaboration: hep-ex/9706014, [3] CMS Collaboration: 1505.04480
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