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Abstract High-energy particle decays naturally realise
informationally weak measurements of quantum spin. Decay
kinematics act as continuous pointer variables whose over-
lapping angular distributions encode partial, non-projective
information about the parent spin state. Ensemble averages
of these pointers yield weak values, linking collider spin-
density reconstruction to Aharonov—Vaidman measurement
theory. This framework unifies spin tomography, entangled-
decay correlations, and spin-correlation algorithms, showing
thatrelativistic decays realise informationally weak measure-
ments of spin and suggesting new ways to probe coherence
and interference in high-energy processes.

Quantum measurement theory and high-energy physics are
rarely discussed in the same language. Yet every unsta-
ble particle decay represents a physical measurement pro-
cess: a quantum state interacts with its environment and
yields classical-like outcomes. We show here that such
decays constitute informationally weak measurements' of
spin in the Aharonov—Vaidman sense [1]. This identifica-
tion bridges quantum-measurement theory and relativistic
dynamics, demonstrating that the same weak-measurement
formalism that describes optical and atomic experiments also
governs information transfer in particle decays. Recognizing
decays as weak measurements unites spin-correlation stud-
ies, quantum tomography [2,3], and entangled-decay analy-
ses [4-6] under a single, universal framework.

An analogous weak-measurement structure has been
extensively explored in quantum optics, where a continuous

! This informational sense of ‘weak’ means due to partial information
being provided, and is distinct from weakness of coupling or of inter-
action.
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pointer (typically the transverse position or momentum of a
light beam) is weakly coupled to a two-level system such as
polarization. The original proposal® of weak values [1] was
first realised in an optical setting using birefringent crystals
[8], and later applied to precision measurements such as the
spin-Hall effect of light [9]. Subsequent work has demon-
strated that weak-value protocols enable direct quantum-state
tomography and wave-function reconstruction [10], and a
broad overview of these developments is given in [11]. In
the present context, the angular variables in particle decays
play the role of such continuous optical pointers, while the
helicity amplitudes act as the weakly coupled two-level sys-
tem, making relativistic decays a natural realization of weak
measurements.

Formalism. We may describe a scattering process as hav-
ing proceeded via a massive ‘particle’ of spin J produced
with spin density matrix p,,,,’. This description of the quan-
tum fields as a ‘particle’ — with its spin operators projected
onto a finite-dimensional Hilbert space — is valid in the nar-
row width approximation, where the propagator factorises
near its pole. When the resonance width satisfies I' < M,
interference with off-shell contributions is negligible, and
one may treat the state as an effectively on-shell particle with
well-defined spin density matrix p,,,’.

The particle decay, which we model here as a two-particle
decay for simplicity, is then characterised through helicity
amplitudes f;,(£2), where 2 = (6, ¢) denotes the decay
angles. Each helicity amplitude f;,(€2) can be expanded in
partial waves of total angular momentum J and final-state
helicity A as

fn(@) =" aj, Dy, (¢.0.0), ey

J A

2 Although the term and formalism were introduced in 1988, the essen-
tial physics of an informationally weak measurement already appears
in Bell’s 1980 paper Quantum Mechanics for Cosmologists [7].
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where D,{u (¢, 60, 0) is a Wigner D function, and where a){m

are channel-dependent coupling amplitudes. Here f;, (2) are
the usual helicity amplitudes — the angular decay wavefunc-
tions for a parent spin projection m. The sum over J, A rep-
resents their partial-wave expansion in Wigner D functions,
as in the standard helicity formalism. In the present context,
these same amplitudes play the role of weak-measurement
pointer states.

In the narrow-width limit the normalised angular distribu-
tion 18

1do
P(Q) = ——

— g = D P fn () f1/() = Tr(Top),

2

which provides an operational definition of [T = [2)(2],
the quantum-mechanical measurement operator (which can
be thought of as a projector but is technically a POVM ele-
ment as described in the Appendix) corresponding to observ-
ing a decay product in direction 2. It represents the “pointer”
in the weak-measurement interpretation of particle decays.
In the language of particle physics it represents the angu-
lar dependence of the decay, describing how different spin
components contribute to the observed direction.

In this context “weak” does not refer to a small interac-
tion Hamiltonian but to incomplete information transfer: the
decay amplitudes f;, (€2) associated with different spin pro-
jections overlap in angular space, so that each decay provides
only partial information about the spin. The angular distribu-
tion P (£2) therefore represents a nonprojective measurement,
in which the pointer variable €2 only weakly distinguishes the
underlying spin components.

The experimental procedure is to measure this angular dis-
tribution P (£2) and thus infer information about the combi-
nation of f;,, and p,,,,. In particular if one can independently
determine (e.g. by suitable preselection or calculation) either
the spin density matrix p,,,, or the helicity amplitudes f;,
then information is obtained about the other, unknown, quan-
tity.

Conditioning on a small region £2¢ of solid angle gives the
weak value’

Tr(Ilg,Ap)

Aw(QO): TI‘(HQO,O) ,

3

obtained from the conditional probability for post selection in
aregion of solid angle, for some general operator A. We note
that (3) is identical in form to Eqn. (6) in Ref. [1]. This iden-
tification allows us to take the perspective that by observing

3 We will assume for simplicity that this post-selection can be repre-
sented by a projective measurement, but no difficulties are encountered
if one generalises it to a POVM.
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the probability distribution of particles emitted into particu-
lar regions of solid angle one is making weak measurements
of quantum operators.

Why the measurement is informationally ‘weak’. In spe-
cial cases, such as the chiral decay the W boson decay in
the approximation of massless leptons, only a single helic-
ity amplitude is populated. In such a case then knowing the
outgoing lepton direction gives full information about the
parent’s spin. More generally, most decays (such as leptonic
70 decays), couple to more than one chiral state with the
result that the helicity amplitudes overlap in angular space,

f AQw(Q) f2) f(@) £0 (m#m)). @)
phys. region

We include in this equation a weighting function w(£2) that
can encode finite acceptance, boosts, and kinematic weight-
ing and selection cuts, which when taken into account also
render the effective pointer states nonorthogonal, even for the
idealised W-boson like decay. Each decay therefore provides
only partial spin information — an intrinsically information-
ally weak measurement whose ensemble average recovers
(A) or Ay,. The idea is illustrated in Fig. 1.

As an example, for a simple two-component (spin-%)
decay channel with contributions c+(€2p) from helicity
amplitudes f1(€2), the weak value of the spin operator o,
takes the illustrative form

Tr (Mg, (I4+){+] — |=)(=Dp)
Tr (Mo, (14) (+ + [=)(—Dp)
_c4(R0) = c—(RQo)
e (Q0) + ()’

Ay () =

&)

where ¢4 (20) = Tr(Ig,|+£) (| p) are the postselected con-
tributions from each helicity sector given a parent spin den-
sity matrix p. Each c4 depends quadratically on the helicity
amplitudes f4+(2) of Eq. (1) and includes possible inter-
ference terms when p is non-diagonal; for diagonal p they
reduce to ¢+ (2p) = fQo dQ pit|fe (Q)|2. When the mag-
nitudes of the interfering amplitudes are comparable but
their complex phases differ, the denominator becomes small
and A,, can exceed unity or acquire a significant imaginary
component. These anomalous weak values occur in angu-
lar regions where the two helicity contributions nearly can-
cel, directly reflecting coherence between spin components
in the decay amplitude. Generalisations of (5) to operators
other than oz or to Hilbert spaces of other dimensions follow
analogously.

The near-cancellation conditions are realised in several
physical systems. In the electroweak decay Z — £1€~
the left- and right-handed helicity amplitudes are of com-
parable size and interfere destructively near cos & =~ 0 for
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System—pointer entanglement
(dynamical measurement)

P dynamical measurement
parent spin (system) Fm ()

decay-field modes detector (projective)
[Pm (£2)) measured 2

Fig. 1 Schematic: decay as a dynamical measurement. The parent spin density matrix o couples via helicity amplitudes f;, (€2) to decay-field
modes. The quantum pointer states |®,, (2)) = f d<2 £, (2) |2) are later amplified by the detector to produce the classical measurement outcome

m = %1, producing small denominators and enhanced con-
ditional weak values.

It can be instructive to characterise the ‘informational’
weakness of a decay. For a spin-half decay define the matrix

R = / A2 w(Q) £2 fr( @) mom’ € (+. =}, (6)

where w(£2) is the detector acceptance weight and f;, (€2) are
the helicity-dependent pointer amplitudes. Let N' = Tr R
and define the normalised analyser R = R/N, which is
a positive semidefinite operator of unit trace. For a spin-%
decay the conventional longitudinal ‘spin-analysing power’
is @ = Tr(o,R). A transverse analyser (generally complex)
may be written € = Tr((o, +icy)R). For a spin-1 decay, |¢|
quantifies the fractional off-diagonal interference between
f+ and f_, corresponding to the transverse components of
the analyser Bloch vector. Writing R = %(1 +a- 3), the
Bloch vector components satisfy

a; =a, ay=NR(e), ay=7(e). @)
A necessary and sufficient condition for the decay to perform
a projective (maximal-information) measurement is

li|=1 < Tr(R>)=1. (®)
Thus ¢ = =£1 (with |e| = 0) corresponds to a perfect lon-
gitudinal analyser, while @ = 0 with |e| = 1 corresponds to
a perfect transverse analyser. For d > 2 maximal informa-
tion transfer requires R to be pure: Tr(R?) = 1, equivalently
S(R) = 0 where S is the von Neumann entropy. Decays
not satisfying this condition are weak measurements in the
informational sense.

Connection to quantum state tomography.

If the helicity amplitudes f,, (€2) for the decay can be calcu-
lated or independently measured, then the parent spin-density
matrix p,,, can be constrained from the observed angular
distribution,

1do

——g = 2 P () f(2). ©)

m,m’

Each angular product f,,, () f,7,(€2) acts as an analyser func-
tion for the interference between spin projections m and m’.
The spin density matrix p,,,s may then be constrained by
measuring the angular distribution and fitting the parameters
of Py -

One can also use the observed angular distributions to find
the expectation values of spin-related operators. For example,
in a generalised Gell-Mann basis the expectation values in
the decay of the Bloch operators A; may be written

1 do
(A)) =/dszQ,-<sz>;@

=Y Pum / dQ Qi (Q) fu () f0/(). (10)

Here the functions Q; (£2) are the Wigner—Q (Husimi) sym-
bols of the spin operators A;, defined here as

2J +1

Qi(§) = ——

(S2[Ai]€2), (1)

evaluated on the spin—coherent state corresponding to the
decay direction 2. The measured angular distribution is
P(Q2) = Tr(Ilgp), and ensemble averages of the functions
0, (R2) reproduce the density-matrix elements, (Q;(2)) =
Tr(A;p). In cases in which the map from p to P(2)
is invertible, that is when the set of analyser functions
{fm() £, (2)} forms a basis, the corresponding Wigner P;
symbols* can be calculated. Then suitable Wigner- P-symbol
weighted averages of the decay distributions provide recon-
struction

p=ﬁ12,+1+%ZAi/dQP(Q)Pi (12)

l

of the parent spin-density matrix [2,3].
Restricting the average to a kinematic subset 2 yields
conditional weak values,

Tr(Tg,Aip)

(A)w(S0) = Tr(Mop)

(13)

Each decay therefore provides a single informationally
weak pointer sample of the parent spin, encoded in its helic-

# Normalised such that 28;; = Tr(A; Aj) = % [dQP;Q;.
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ity amplitudes, while the ensemble average over many decays
reconstructs the full spin-density matrix.> In this sense, helic-
ity analysis constitutes quantum-state tomography realised
through weak measurements.

Entangled decays. The weak measurement perspective
helps resolve what might otherwise be puzzling results. An
example is the system of entangled pairs of fermions, such as
the u ™ 1u~ system considered in Ref. [4], in which one parti-
cle is measured projectively and the other is allowed to decay.
The joint probability for the result a of Alice’s strong (pro-
jective) measurement Pj(a) and Bob’s decay configuration
Qis

pa. @) ="Tr|(P8M®) pi2] (14)

which is symmetric under exchange of the commuting oper-
ators acting on different particles. Hence p(£2|a) is indepen-
dent of time ordering — indeed no reference need be made to
time. Whether Alice measures first or Bob’s particle decays
first, the same conditional distribution results. The decay acts
as a weak pointer of Bob’s spin, while Alice’s outcome pro-
vides post-selection.

Simulation. The Collins—Knowles—Richardson spin-
correlation algorithm [12—14], used in modern event genera-
tors, already computes the matrices in Egs. (2)—(3). A produc-
tion matrix pP™¢ and decay matrix D(Q) = f [ yield
event weight w () oc Tr(pP™4D(2)). Conditional weak val-
ues are obtained by reweighting events within chosen angular
bins 2¢. Thus existing Monte-Carlo tools can evaluate weak-
value observables directly.

Discussion. Although illustrated here using spin degrees
of freedom, the same weak-measurement structure applies
generically to any collider observable constructed from inter-
fering amplitudes — such as colour flow, flavour mixing, or
momentum-space correlations — whenever the measurement
provides only partial information about the underlying quan-
tum state.

For example, while CP-violation experiments are not usu-
ally phrased in the language of weak measurements, their
interference structure — involving comparable amplitudes
with distinct complex phases and post-selection on decay
channels — is formally identical to that of a complex weak
value. Time-independent CP asymmetries, such as €'/e in
kaon decays and A A¢ p in charm decays, correspond to static
weak values, while time-dependent asymmetries in B9 and
B? systems represent sequential weak measurements in time.

For example, neutral-meson CP violation can be viewed as
the appearance of acomplex weak value of the flavour (or CP)
operator, to a decay channel f rather than to a region of solid

> To within some finite precision, which will depend both on the size
of the event sample available for measurement, and on the breadth of
the underlying distribution from which the sample mean is determined.

@ Springer

angle. This situation is directly analogous to Eq. (2), with

preselected flavour state p = |B%)(BY|, observable A = o,

distinguishing flavour, and postselection I1g, = | f){ f| onto

the final decay channel rather than a region of solid angle.
The time-dependent weak value is therefore

(flAe it |g0) A () =4 Arg (1)

Ay (S0, 1) = : = _ )
! (fle"tHert|BO) — Apg()+4 Arg—(0)

Here H.gr is the effective Hamiltonian governing the time
evolution of the neutral-meson system, Ay = (f|H |BYY,
A r={(flH| BY), H is the effective weak interaction Hamil-
tonian governing the decay of the meson to final state | f).°
The ratio

q _ (B°|Bi)

p  (BYBy)

encodes the weak mixing phase, and g (¢) describe the time
evolution of the heavy/light mass eigenstates.

This form of A, (29, t) is identical in structure to the two-
component form of Eq. (4). Defining A y = (¢/p) (Af/Af),
the experimentally measured CP asymmetry

1—|apl? 23

m cos(Amt) + ! sin(Amt)

Acp(?) = T+,
is determined by the real and imaginary parts of A,, (<2, 7).

Again, the decay acts as a weak measurement of the CP
operator: interference between amplitudes of comparable
magnitude but differing weak phases yields an anomalous,
complex conditional expectation which is observed experi-
mentally as CP violation.

Recognizing decays as realizing weak measurements in
the informational sense, in which the quantum fields are
treated as part of the measurement apparatus, shows that
the quantum-measurement paradigm extends into the high-
energy regime: relativistic decays act as weak spin measure-
ments, with detectors recording the ensemble pointer shifts
that define weak values. This relates weak-value theory, spin
tomography, and event-generator methods, revealing that the
same measurement dynamics underpin systems from pho-
tons to top quarks. Existing and future experiments can fur-
ther exploit these observables to probe CP-violating phases,
quantum coherence, and entanglement in unstable systems,
indicating that fundamental tests of quantum measurement
can be undertaken in high-energy decays.

6 In this convention the decay amplitudes Ay = (fIH |BY%) and
Af = (f\H|l_}0) include both weak and strong (final-state) phases.
Thatis, Ay = |Af|e!®/+¢0) and Ay = |A f|e!®r =91 where § s arises
from hadronic rescattering and ¢y from CP-violating weak couplings.
Consequently Ay = (q/ p)(Af /Ay) contains both weak and strong
phase differences, as in the standard neutral-meson formalism.
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Appendix A: Clarifications and assumptions

In the main text the angular projector [ = |€2) (2] was used
to emphasise the Born-rule structure of the decay distribu-
tion. In realistic analyses, however, finite resolution, accep-
tance, and selection effects render the measurement non-
projective. It is therefore more precise to regard I1g as an
element of a positive operator-valued measure (POVM),

E(Q2) :/dQ/ W(, Q)] (15)

where W (€2, Q') encodes detector response and kinematic
weighting. In existing particle detectors the angular preci-
sion of the measurement apparatus (typically of order 10~*
radians) is usually very much more precise than the spread
of the corresponding spherical harmonic (of order 7 radi-
ans) and so the projective measurement idealization will be
sufficient for most practical purposes.
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