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Particles are inherently quantum systems and properties such as spin
or flavor can be used to encode information!

“What information?!?” you say? At the moment it doesn’t really matter
as the identification “electron = qubit” allows us to:

» use QIT methods to explore particle physics
* use patrticle physics to explore QIT (Qquantum mechanics)

In fact, it is quite remarkable that the LHC detectors —built to measure
Ccross sections— can also be used to investigate notions that are central
to QIT: entanglement and Bell inequality violation.
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Entanglement is the “spooky action at a distance” that keeps binding two
quantum systems that share a common history, despite their spatial
separation.

Mathematically, it follows from the postulates of quantum mechanics and
from the superposition principle. Take a bipartite system formed by A and B

* jv postulate: # 3=, Q%3 = |n;) =|a;) ® |b;) can describe (A U B)
|a;) € Xy, 1b;) € Hp

+ superposition: [¢) = ) ¢;|n;) can also describe (A U B)

The subsystems A and B are entangled if the (pure) state | y) of the system:
) # [a) @|YB) V|a) € Ha, |[¥p) € HE

For a mixed state, described by a density matrix p, this generalizes to

p # Zpij p,EA) & ,0§-B) , with p;; >0 and Zp’ij =1
17 1]
Physically, entanglement is the hallmark of quantum mechanics as classical
configurations are described by product states.
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So, is quantum mechanics incomplete?

This was the question until 1964, when J. Bell identified an objective way to
distinguish between the two frameworks.

Two independent observers (A, B) have, each, two observables at their disposal (Al, Az and B 15 lAiz) all with

possible outcomes 0 or 1. They test a bipartite system and look at the combination of expectation values (i.e.
combination of average probabilities) given by (CHSH version)

Ly = <A131> + <1211f32> + <1212§1> — <AZBQ>
Theorem (Bell): if locality and realism hold, then 1, < 2.

¢ \When we compute the same quantity with the rules of quantum mechanics
we obtain T, < 2v/2, hence measuring 2 < I, < 2v/2 would strongly favor
quantum mechanics over hidden-variable theories.
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The Royal Swedish Academy of Sciences has decided to award the Nobel Prize in Physics
2022 to

Alain Aspect
Institut d’Optique Graduate School — Université Paris-Saclay and Ecole Polytechnique,
Palaiseau, France

John F. Clauser
J.F. Clauser & Assoc., Walnut Creek, CA, USA

Anton Zeilinger
University of Vienna, Austria

“for experiments with entangled photons, establishing the violation of Bell inequalities and
pioneering quantum information science”

Quantum mechanics is NOT incomplete!
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The case of a B meson that walks into a bar...

... and decays into two vector mesons. It happens plenty of times at

the LHCDb(ar).

We focus on these decays:

B — J/y K*(892)"
B — ¢ K*(892)"
B’ = p K*(892)"
Bs = ¢¢

Bs — J/¢ ¢

. Mass/ | Quark o
el GeV | content J
BO 5.279 db 0-
Bs 5.366 sb 0-
J/P 3.097 cC 1-
® 1.019 S§ 1-
0 0770 | “o | 4
P : NG
K*(0.892)0| 0.892 ds 1-
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Spin-one objects are qutrits, hence the B meson decays produce
bipartite qutrit systems

>to Alice

Polarizations and spin correlations can be reconstructed experimentally,
from the decays of the spin-1 particles. This yields the density matrix

GeII Mann matrlces

1
Plol = 5[1@1]+ fITY® 1] + ga1®T“+ ab T“@T”

a \ a,f

Information about vector and tensor polarizations spin correlat/ons

Entanglement? Pure state needs: p1g1 7 P1 @ p1 <~ 'hawb / a_
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Because the B meson is a (pseudo)scalar, the spin state of the vector
bosons V1 and V2 emitted in its decays is uniquely “prepared” — it is

pure. 1
vy = By [Vi(+)Va(=)) + ho [Vi(0O)Va(0)) + b [Vi(=)Va(+)]

VIHP

J.A. Aguilar-Saavedra, A. Bernal, J.A. Casas and J.M. Moreno, Phys.Rev.D 107 (2023)
M. Fabbrichesi, R. Floreanini, E. Gabrielli and LM, Eur.Phys.J.C (2023) 83:823
M. Fabbrichesi, R. Floreanini, E. Gabrielli and LM, JHEP 09 (2023) 195
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A pure bipartite qutrit system

Because the B meson is a (pseudo)scalar, the spin state of the vector
bosons V1 and V2 emitted in its decays is uniquely “prepared” — it is
pure. 1

vy = W[mm(ﬂ%(—» + ho [VA(0)Va(0)) + Ao [Vi(=)Va(+))

The weights of the components are the helicity amplitudes

ha = (Vi(A)Va(=A)[H|B) H|* = [hol* + A [* + [h_|?

with ﬂ{being the interaction Hamiltonian and Ae{+,0,-} denoting the

spin state with respect to the quantization axis of one of the produced vector
boson in its rest frame.

Experimentalists measure the polarization amplitudes Ao, Al, A,

ho _ hy _A“—l—AJ_ h_ _A”—AJ_
— =A,, —

H] 7 v2 T H V2

and so we can easily reconstruct the density matrix
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Quantum tomography @ LHCDb:

BO—>J/K*(892)O ) (W] = 1

|

Ay |2 = 0.227 + 0.004 (stat) + 0.011 (sys)

|A 1 |? = 0.201 £ 0.004 (stat) £ 0.008 (sys)
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Quantum tomography @ LHCDb: /0 0 0 0 0O O 0 00
0 0 hih® 0 hihy 0 hih™ 0 0

BY — J/¢ K*(892)" T T T

P = ’\If><\If‘ — H2 0 0 hoh_|_ 0 hoho 0 hoh” 0 O

HE oo 0 0 0 0 0 00

00 hh 0 h_hy 0 h_h* 0 0

\O 0 0 0 0O O 0 00 )
\A||\2:0.2270.004 (stat) & 0.011 (sys) 00 00 00 00

|A 1 |? = 0.201 £ 0.004 (stat) £ 0.008 (sys)
0 [rad] = —2.94 £ 0.02 (stat) & 0.03 (sys)
01 [rad] = 2.94 £ 0.02 (stat) £ 0.02 (sys)
R. Aaij et al. [LHCb], Phys. Rev. D 88, 052002 (2013) \H\
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Once p is reconstructed we can probe entanglement. Choose your
favorite monotone/measure.
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For pure states we can use the entropy of entanglement, given by the
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Once p is reconstructed we can probe entanglement. Choose your
favorite monotone/measure.

For pure states we can use the entropy of entanglement, given by the
von Neumann entropy of either of the composing subsystems A and B:

& = —Tr[py, log pv,| = = Tr[py; log pvy]  Pvigay = Lhvsgy) P10

The entropy of entanglement is a measure satisfying 0 < & <log3 and

& > () < entangled state

10



LHCb(ell?)

Remember Alice and Bob from 3 slides ago? They have been busy...

11



LHCb(ell?)

Remember Alice and Bob from 3 slides ago? They have been busy...

11



| HCb(ell?)

Remember Alice and Bob from 3 slides ago? They have been busy...

...doing cryptography and Bell tests since ’78. For a bipartite qutrit system,
they usually rely on the CGLMP inequality. Alice and Bob do two independent
projective measurements each, with possible outcome {0,1,2} (i.e. {+, O, -}).

11



| HCb(ell?)

Remember Alice and Bob from 3 slides ago? They have been busy...

...doing cryptography and Bell tests since ’78. For a bipartite qutrit system,
they usually rely on the CGLMP inequality. Alice and Bob do two independent
projective measurements each, with possible outcome {0,1,2} (i.e. {+, O, -}).

Then we compute
I3 :P(Al :Bl)—I—P(Bl :A2—|—1)—|—P(A2 :BQ)+P(BQ :Al)

_P(Ay =B —1)— P(A1 = By) — P(Ay = By — 1) — P(By = Ay — 1)
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Remember Alice and Bob from 3 slides ago? They have been busy...

...doing cryptography and Bell tests since ’78. For a bipartite qutrit system,
they usually rely on the CGLMP inequality. Alice and Bob do two independent
projective measurements each, with possible outcome {0,1,2} (i.e. {+, O, -}).

Probability that the second result obtained by Bob differs
Then we Compute from the first one of Alice by a -1(mod 3)

IgZP(Al :Bl)—I—P(Bl :A2—|—1)—|—P(A2 :BQ)+P(BQ :Al)

Deterministic local models always satisfy 15 < 2 but quantum mechanics may
violate that bound! To help seeing the effect we can maximize on Alice and
Bob...
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Alice and Bob know the density matrix formalism, so they compute
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The observable can still be optimized by means of local unitary
transformations, which we apply to Alice and Bob (or to their reference
frames).
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The observable can still be optimized by means of local unitary
transformations, which we apply to Alice and Bob (or to their reference
frames).

After reconstructing p from the data, we then numerically maximize the
observable by using

In the computation of Is. %
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Plugging the numbers In

Process Reference

& (>0)

BY — J/v K*(892)° 0.756 £ 0.009
BY — ¢ K*(892)" 0.707 £ 0.133" |
B’ — p K*(892)" 0.450 4 0.077*
B, — & o { 0.734 +0.050" |
By — J/Y ¢ 0.731 £ 0.032 ,

| R. Aaij et al. [LHCb], Phys. Rev. D 88, 052002 (2013)
K. F. Chen et al. [Belle], Phys. Rev. Lett. 94, 221804 (2005)
§ R. Aaij et al. [LHCb], JHEP 05, 026 (2019)

| R. Aaijet al. [LHCD], [arXiv:2304.06198 [hep-ex].

G. Aad et al. [ATLAS], Eur. Phys. J. C 81, no.4, 342 (2021)

A *indicates that a conservative computation of the error has been employed (the error
correlation matrix was not provided)
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correlation matrix was not provided)

Remarks:

) the polarization amplitudes are generically complex (final state interactions)

Aj = [Ayfe Ay = |AL e Ag = |Ag|e™
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correlation matrix was not provided)

Remarks:
) the polarization amplitudes are generically complex (final state interactions)
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We took the longitudinal phase as the overall phase and killed it.

i) First proof that Bell inequalities are violated in strong and weak interactions
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Further results

® Pajrs of top quarks

Y. Afik and J.R.M. de Nova, Eur. Phys. J. Plus 136 (2021) 907

14



Further results

® Pairs of top quarks

pp = t+t — 0T +jets + ERIsS

1 do 1

- = (1= Deosg)
o dcos @ 2( cos ¢

Y. Afik and J.R.M. de Nova, Eur. Phys. J. Plus 136 (2021) 907

® is the angle between the emitted lepton
as computed in the t and tbar rest frames

D < -1/3 witnesses the presence of
entanglement
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Invarant Mass Range [GeV)]

D = —0.547 £+ 0.002 [stat] £+ 0.021 [syst)]

ATLAS Collaboration, Nature 633, 542-547 (2024)
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e Charmonium decays

M. Fabbrichesi, R. Floreanini, E. Gabrielli and LM, Phys. Rev. D110 (2024) 053008

see, also: S. Wu et al., Phys. Rev. D110 (2024) 054012
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Wy =w_, ,|—1, =1y +w,,|00) + w,, |1, 1) |wl,1 = 0.299 + 0.003|stat % 0.019]syst -

BESIII Collaboration, M. Ablikim et al.,

Helicity amplitude analysis of x! — ¢¢, JHEP
05 (2023) 069, [arXiv:2301.12922].
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Summary and outlook

* It Is remarkable that detectors built, essentially, to measure cross
section can be used for quantum tomography and fully reconstruct
spin correlations in several collider processes.

» At the LHC this is already happening, giving access to a wealth of
observables (entanglement, discord, magic, steering, Bell inequality
violation...) that can be used to test (and perhaps understand) the
Standard Model.

» Like cross sections, these “quantum” observables can be used to
constrain new physics resulting, for example, in the tau lepton
anomalous couplings:
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amplitude for the production of a massive V boson, then:
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Covariant density matrix; not , LV .
PpHY _ 1 po PP s L nvap 2 (S, LT gq..
good enough (D) = S| —9" 2 S w— Pamig (Si) v — 3" (Si5)
Projector; Si (ie{1,2,3}) are the spin matrices and n; /

. gl - ' 4
are the linear polarizations versors boosted by -p/my Sij = SiS) + 8355 — 518

spin-2 guys

19



Theoretical quantum tomography for qutrits

In theory, we can compute stuff. Let M(\,p) = A, (p) be the
amplitude for the production of a massive V boson, then:

/ VM) =) M(NeX Quantum state of the V boson
VRV 4

W)
. _ H _ S. Y. Choi, T. Lee, and H. S. Song, Phys. Rev. D, 40:2477-2480, Oct 1989
Covariant density matrix; not , LV .
PpHY _ 1 po PP s L nvap 2 (S, LT gq..
good enough - Piy(p) = S| —9" 2 S w— Pamig (Si) v — 3" (Si5)
Projector; Si (ie{1,2,3}) are the spin matrices and n; /

. gl - ' 4
are the linear polarizations versors boosted by -p/my Sij = SiS) + 8355 — 518

spin-2 guys

v
PAN = Pﬁf)\/ Puv
projectors project

19



Theoretical quantum tomography for qutrits

In theory, we can compute stuff. Let M(\,p) = A, (p) be the
amplitude for the production of a massive V boson, then:

/ VM) =) M(NeX Quantum state of the V boson
VXV 4

TN
. _ H _ S. Y. Choi, T. Lee, and H. S. Song, Phys. Rev. D, 40:2477-2480, Oct 1989
Covariant density matrix; not f 1 pipY ; 1
124
good enough ~ Pl =3 ( g* + m? ) D T P pani g (Si)yn — 5717 (Sij) a0
Projector; Si (ie{1,2,3}) are the spin matrices and n; /

. . _ 4
are the linear polarizations versors boosted by -p/my Sij = SiS; + 5;5; — - 15;;

spin-2 guys
MOMIN)  AAD PM,
T MM T PP

after doing the math: polarization/spin density matrix

projectors project —

19



Theoretical quantum tomography for qutrits

In theory, we can compute stuff. Let M(\,p) = A, (p) be the
amplitude for the production of a massive V boson, then:

/ VM) =) M(NeX Quantum state of the V boson
VRV 4

T AN
H S. Y. Choi, T. Lee, and H. S. Song, Phys. Rev. D, 40:2477-2480, Oct 1989
Covariant density matrix; not , 1 DY ; !

good enough Py (p) = 3 (—g“ Y+ 2 ) O — ST e panig (Si)aw — 5717 (Sij) a0

Projector; Si (ie{1,2,3}) are the spin matrices and n; /
are the linear polarizations versors boosted by -p/my S, = SiS; + Sj S — gl 5

spin-2 guys

. M) M) A AP,
AN = " mo — 12
projectors project - 2o MEN)M(X) }M‘

after doing the math: polarization/spin density matrix

By writing S; and S in terms of Gell-Mann matrices (73, a<{1,...,8}) and
considering processes Yielding two massive vector bosons:

P11 :%[1®1]+§ajfa r©1+ Y 0. [1®Ta]+§bjhab T T]
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Information about vector and tensor polarizations spin correlations
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Bell inequality violation in Charmonium decays

decay mMi2 significance
T/ — AA 1.225 + 0.004 56.3
1(3686) — AA 1.476 + 0.100 4.8
Jjp — == 1.343 + 0.018 19.1
J/w — Z9=0 1.264 + 0.017 15.6
@ (36%6) — 2 =1 1.480 + 0.095 5.1
1(3686) — E0=" 1.442 + 0.161 2.7
Ji — B-8t 1.258 + 0.007 36.9
1 (3686) = & I 1.465 + 0.043 10.8
Jjw — BOE° 1.171 + 0.007 24 .4

1(3686) — ZUE0 1.663 + 0.065 10.2




