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Introduction v

® One of the most intriguing features of Quantum Mechanics
(OM) 1s entanglement, which leads to predictions incompatible
with local theories.

® In recent years, there has been a lot of activity applying 1deas
from Quantum Information Theory to collider experiments.

® Main tool: Spin-density matrix / spin correlations between final-
state particles (e.g., from a pair of decaying tops)

Cij = (s, s7)

® Spin-correlations are also the fundamental tool to test Quantum
Mechanics (QM) vs. Local Hidden Variable Theories (LHVTs)

in Quantum Optics experiments.



Introduction v

® [f we want to test QM vs. locality, we need to be really critical
about our assumptions, to make sure that we do not secretly

assume QM 1n our reasoning.

® Aim of this talk:

= Discuss what are the limitations at current collider
experiments when we want to test for locality.

= Spell out assumptions as clearly as possible, and distill
what can be stated without assumption of QM vs. locality,
and what cannot.

= This is important also to avoid misunderstanding about 1s
being done, and which conclusions we can draw from it!



® 2 experiments Aj (i =1,2) with settings aj may deliver values 5
according to a probability distribution 'Pa; ,a, (s1,S2|!).

® ! ! ! isthe (vector of) hidden variables.
= Not directly measurable, but distributed according to P(!) .

® Measurement independence: d; are independent of! and of the

way the system was prepared.

® Bell locality: Pa;,a,(S1,52|!) = Pa, (S1]!)ps, (s2l!)

® Correlations:




® Correlations in an LHVT are strongly constrained. [Bell 1964); ...]

® Clauser-Horne-Shimony-Holt (CHSH): In an LHVT:
| |

Rc! max Y(a" a)'Cb+(a+a)"Ch!1 2
a,b,a',b’
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where C 1s the spin correlation matrix and &, a,b , b are the
measurement axes.

® [t was experimentally established in Quantum Optics
experiments that the CHSH 1nequality 1s violated.

® Can we do something similar at colliders?



® At a collider experiment, we do not measure spin correlations

directly.

= We measure angles (and energies).

® Example: Angular correlations between momenta of decay

mf

products:
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Spin vs. Angles v

® [t 1s always possible to construct an LHVT that predicts exactly

the same differential distribution as a collider measurement of

momenta. [Kasday (1971); Abel, Dittmar, Dreiner (1992);
Abel, Dreiner, Sengupta, Ubaldi (2025) ]

= (Consequence: Angular correlations always satisty all Bell-

and CHSH-type inequalities.

® Question: Can we use collider experiments to test locality at

colliders?

= No, if we only have access to momenta and angles.

® But wait, we do measure spin-correlations..?



® In QFT, spin- and angular correlations are always related!

Qj =!d. g " Cij = (s’ s)
Angular correlations Spin correlations
| 119
- 1991
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® ! 1: Spin-analysing power (91 = ! | 1 for antiparticle)
|
STl W

q+; z P(!)! 1+"4cos!

® To test QM vs. LHVTs, we cannot rely on a QFT prediction!

P! 1



® Question: what 1s the relation between spin and angular
correlations in (certain classes of) LHVTs?

® Assumptions on our LHVT:

1. Poincaré invariance holds.

2. The decays of the 2 particles are independent (locality!)

q+
1.

«—

3. + some assumptions, like that spin 1s
defined, and the momenta of the daughters
are determined by the spin of the parent. >

K

[See talk by Aguilar-Saavedra]



® Angular correlations in an LHVT:

Qj = %. o &  d#,d# d. g - LHVT

-: d! i g s -P (s, .5 ) Mgmen.ta determined
' Yy Spin of parents

-: P(qd, |s+ )P (Ch |si ) (Bell) locality

g+
® By rotational invariance, P(Q|S) can only depend on u'

cos" # q as — D —

= Fxpansion into Legendre polynomials:
N
I I
P(qls)= . Pi(cos")

At
1=0



Spin vs. Angles v

® The integrals over the momenta can now be done 1n closed form.

b : . [Abel, Dittmar, Dreiner (1992); Altakach,
® After some calculation, we find that: L o e, Al

| b (2022); Chen 92014); Bechtle, Breuning,
_ = 1% )
Q — 9 C Dreiner, CD (2025); ...]

® This 1s exactly the same relation as in QFT!

)

' 1 1s also defined in a LHVT context,
from Legendre polynomial expansion:

® ‘Spin-analysing power

--#
P(al9)= - Pi(cos”)
=0

= Bound 1s different from QFT:
I'! 1] = 3|"cos"# $ 3'|cos"[#=3 d! ; |cos'|P(g.|s:) $ 3



® Conclusion: Same relation between spin and angular correlations
in OM and LHVTs (under the aforementioned assumptions).

| . lg [Abel, Dittmar, Dreiner (1992); Altakach,
Q — 1¥1 C Lambda, Maltoni, Mawatari, Sakurai
- 9 (2022); Chen 92014); Bechtle, Breuning,

Dreiner, CD (2025); ...]

= But the bounds on ! 1 may be different in QM and LHVTs!

® In both cases, need ! ; to convert spin to angular correlations.

= Question: Were do we get 1t from?



® TH input: The SM predicts the value of ! 1 for a given particle.

= Use value from TH computation.

® This computation was done in a QM framework, so we always

assume QM and the SM from here on.

= This is what has been done so far in (most) LHC studies.

® We can however exclude subsets of LHVTs that predict certain
ranges of ! 1.



Spin Analysing Power?®

O Independent Exp measurement:

= [ xample: from some decay distribution

1d"  1+",P, cost

" d# 4$

P, = polarisation

= This typically assumes the SM form of the distribution, so
OM 1s assumed.
I
|

= (Can we again be model independent? P(q|s) = Ei P, (cos")
=0

= Yes, but we can only extract the product of ! 1 and the
polarisation.



Spin Analysing Power?®

O Independent Exp measurement:

= (Can we measure the polarisation of the parent

independently?

= Yes, for example at a lepton collider, with polarized
beams, if we know the polarisation of the beams.

= Currently, the polarisation of the beams 1s determined by
comparing to a SM prediction, so QM 1s assumed 1n the
determination of the beam polarisation.

= See also talk by Aguilar-Saavedra.



Conclusion v

® Can we use collider experiments to test locality at colliders using

spin-correlations?

3 No, not directly because we only measure momenta.
(There are other reasons as well, see [Low (2025)])

® We can relate spin and angular correlations in a way that 1s

independent of QM vs. LHVTs.

= Needs value of ' 1 as ‘conversion factor’.

® Can we measure ! 1 independently?

= Need to disentangle 1t from polarisation in a way that does
not assume QM.
= Not possible with purely collider setups.

= See also talk by Aguilar-Saavedra.



