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I. INTRODUCTION

The standard model (SM), as a quantum field theory,
should exhibit the behaviors that characterize quantum
theory as a radical departure from classical dynamics. In
particular, the effects of quantum nonlocality should be
present within the realm of the SM. The spin correlation
experiment setup due to Bell, Bohm, and EPR [1–3], rep-
resents a way to test the nonlocal nature of quantum me-
chanics. Most past experiments on this effect have been
on polarization-correlated pairs of photons in a singlet
state from a common atomic source measured at space-
like separation [4, 5]. Such quantum entanglement should
be present in two-particle states exhibiting specific corre-
lations as a result of a common origin. The SM describes
many such processes where a particle with definite spin
decays to particles with correlated, but indeterminate,
spin. We aim to study the feasibility of measuring this
effect and its spacetime dependence at a future collider,
especially in Z → ττ events, probing a new corner of
physics and testing not just the SM, but more impor-
tantly, the foundational core of quantum mechanics.

Definite quantum correlations with indefinite measure-
ment outcomes like this are present in various corners of
physics and often arise in the SM used to describe in-
teractions at very high energies. At modern colliders,
such correlations are often present, if often not measur-
able. Some particles, however, decay through the weak
interaction such that parity violation allows for observ-
able kinematic properties in some way correlated with
spin states. This information obtained at the decay of
such particles can be considered a self-measurement of
the particle’s spin state as described by the SM. Infer-
ring spin states in this way has been widely studied both
theoretically and experimentally. Spin-correlated pairs
of such particles can act as a self-measuring Bell system.
These ideas have been widely explored and measured ex-
perimentally at LEP showing expected correlations as-
suming prompt decays of these particles, confirming the
quantum mechanical predictions while leaving the nonlo-
cal nature unprobed. [6, 7] Much of the focus at LEP was
on measuring such a correlation in the Z boson system.
This is accessible through the decay to two τ leptons
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where kinematic information about the τ decay products
stores τ spin information.

Since the τ has a well-understood macroscopic lifetime
cτ ∼ O(100µs), there exists an inherit space-time sepa-
ration between the two τ decay events.

This work hopes to expand on these ideas in such a way
that statements about the nonlocal nature of quantum
mechanics can be made, instead of simply measuring SM
spin correlations. The goal here is to probe the nature of
quantum mechanics itself, rather than simply to measure
SM couplings. The feasibility of this measurement for
various collider and detector assumptions will be studied
in Z → ττ events.

Previous studies involving space-time locations of
‘measurement’ events, while more concrete in their con-
clusions because the choice of spin measurements is made
by the experimenter rather than the particle, have been
at atomic length scales and established through electro-
magnetic means. Such a confirmation of SM correlations
at the LHC that is invariant across space-time separation
of the ‘measurement’ events would be the strongest con-
firmation of this quantum mechanical effect at such small
length scales to date. [8] In addition, this measurement
would probe this nonlocal effect when established via the
weak interaction in a way that has not been done.

Proposed future lepton collider facilities (ILC, FCC-
ee, CLIC, etc) all have the ability to obtain very large
samples of Z boson events. The FCC-ee facility has the
impressive goal of being a “tera-Z” instrument providing
a unique high-statistics view into the decays of the Z,
making it a prime candidate for such a study, producing
on the order of 10 billion Z → ττ in which both τs decay
hadronically.

II. OBSERVABLES

Two key observables are required to perform this test.
One must establish the transverse spin correlation of the
τs, and another must provide some handle on the space-
time separation of the two decay events. The presence
of the τ neutrino at every τ decay immediately makes
this a challenge as the ditau system is not completely re-
constructable as neutrinos escape such experiments un-
detected. Much work has been done to find viable corre-
lation observables for Z spin studies, as well as for mea-
surements of the CP nature of the Higgs boson in ditau
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final states. Most of these studies involve measuring the
azimuthal angle between the planes spanned by each τ ’s
decay products in the ditau rest frame or some suitable
proxy, since the system is not reconstructable. [9–13]

Performing τ polarimetry as desired requires hadronic
decays of the taus. The simplest correlation observable
requires τ decays with exactly one charged hadron – one
prong τ decays – and may even require a specific decay
mode τ → ρν → π+π0ν. Fortunately, the one-prong
hadronic τ branching fraction is the single largest of pos-
sible modes, and within that, the ρ channel holds a large
fraction of the decay width.

A prescription has been outlined in [9–11] where a
proxy frame can be created using the directions of the
reconstructed ρ mesons. While the difference between
this proxy frame and the true ττ frame will bias the final
spin correlation measurements, in principle, this should
have not affect the existence of non-isotropic effects in
the final distributions.

The second observable needed to help make statements
about the spacetime separation between the decay of each
τ involves trying to infer the lifetime of individual τs.
Again, for simplicity, it is desirable to work only with
one prong τs where measured impact parameters give a
handle on the particle’s lifetime. In τ decays to three
charged particles, modern and future charged particle
trackers have the sensitivity to resolve a secondary ver-
tex, the location of the τ decay, and measure its distance
from the initial collision point, providing a direct mea-
surement of the tau decay time. Unfortunately, there is
no existing transverse polarization observable for three-

prong τs and the branching fraction for such decays may
be too small to be a viable decay chain for study.

III. SENSITIVITY TO ALTERNATE MODELS

The unintuitive prediction from quantum theory begs
one to compare the distributions obtained in such a mea-
surement with the prediction of nonquantum models. For
example, a local hidden variable could define the precise
τ -system spin state throughout the decay chain, though
such a theory has been ruled out at lower energy scales.
Alternatively, one could construct a theory in which the
quantum state represents the complete picture but only
local effects are allowed. This should lead to a decay
pattern that is isotropic when the τ decays are space-
like separated. Therefore, the spin correlations should
depend strongly on the decay locations. In the absence
of experimental effects, the spin correlation and its de-
pendence on the separation of the two τ decays should
allow one to probe this difference in models.

IV. PLANS

The estimated sensitivity to deviations from the SM
will be explored for the various proposed Z factories, es-
pecially the FCC-ee. The required statistics at the Z
pole and detector resolutions will be determined. The
sensitivity to this effect in Higgs decays may also be ex-
plored.
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