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We construct a quantum information-centered approach to describe the experimentally observed
behavior of hyperon spin-pair correlations in high-energy collider experiments. The evolution of the spin

density matrix of the hyperon pair is treated in the language of quantum channels, accounting both for the
spin dynamics in C> ® C? and for the pair’s angular separation AR. We show that the experimental data are
consistent with an evolution under a two-qubit depolarizing channel, from which a Lindblad master
equation is derived. This provides an open quantum system picture of spin dynamics during the
hadronization transition, which is not naturally captured by other quantum channels, and we discuss its
microscopic origins. These results show that quantum information science can offer new insights into
confinement dynamics beyond the classification of entanglement in the final particle states.
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I. INTRODUCTION

One of the central open challenges in QCD, the theory of
the strong interaction, is the description of the confinement
mechanism, responsible for binding colored partons into
color-singlet hadrons. In this strongly coupled regime of
QCD, analytical understanding is limited, and much of our
insight has been driven by numerical lattice QCD studies
[1]; see also Refs. [2-6]. Despite notable advances, a
dynamical understanding of confinement remains incom-
plete. In particular, while confinement ensures that the
asymptotic particle spectrum is composed of hadrons, it
does not itself explain how the quantum information carried
by partons is reorganized during the hadronization process.

Although it has long been hypothesized that, in high-
energy scattering processes, the parton-to-hadron transition
should be inherently local [7,8], thereby facilitating the
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probabilistic modeling of hadronization in Monte Carlo
event generators [9,10], several examples seem to challenge
this picture. One paradigmatic case is the observation of
polarized hyperons produced in unpolarized proton-proton
(pp) and proton-nucleus scattering [11-13], which cannot
be fully explained from perturbative treatments alone [14].
As such, it has since been argued that this phenomenon
must involve nonperturbative spin-dependent dynamics
during the hadronization stage [15-18]. Understanding
how such spin correlations are dynamically generated,
therefore, provides new insight into the hadronization
transition, in direct connection with the generation and
survival of quantum correlations in final-state hadrons
[19-23]. Nevertheless, questions involving real-time
dynamics are beyond the direct scope of lattice QCD,
whereas perturbative methods can address them only
partially. As a result, novel analysis tools are necessary
to characterize these phenomena.

In this paper, we present a novel analysis of A-hyperon
spin correlations in pp collisions from an quantum infor-
mation science perspective. Under the simplifying
assumption that most of the hyperon spin is carried by
the heavier strange quark, we analyze the evolution of spin
correlations between AA pairs in the framework of quan-
tum channels. This allows for an agnostic treatment of the
time evolution of the spin density matrix, in which the
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unobserved degrees of freedom (d.o.f.) involved in the
hadronization transition are treated as an effective envi-
ronmental bath. The resulting description naturally leads to
an open quantum system picture for the loss of spin
information during hadronization, accounting for its space-
time dependence. This analysis is motivated by the recent
measurement of AA spin correlations in pp collisions by
the STAR and CMS collaborations [24,25]. It was observed
that, at smaller energies at STAR, spin correlations are
enhanced for small angular separations, while they are
suppressed at larger angles; the angular evolution at CMS
energies is flatter. This behavior suggests that partonic spin
information can survive the hadronization transition over
short distances but is progressively degraded as the two
hyperons probe less correlated regions of the QCD
environment.

The main goal of this manuscript is to show that the
experimentally observed behavior can be explained from a
quantum information perspective. Our treatment extends
the current literature on the topic in two ways. First, we
incorporate the dependence of the spin-pair correlations on
their spacetime separation, going beyond existing analysis
of the spin structure alone [20,22,26]. Quantum-informa-
tion approaches have also been applied to AA production in
ete™ collisions, including studies of quantum coherence
and quantum correlations at BESIII [27]. Second, we
extend the more common analysis on the entanglement
structure of the final state by instead emphasizing the
quantum map connecting the initial partonic spin state to
the observed hyperon spin density matrix. The resulting
framework provides a quantitative language for describing
how confinement dynamics modify partonic quantum
information before they convert into final-state hadrons.

Related approaches have recently described spin
decoherence of entangled particle pairs as open quan-
tum-system dynamics [28,29]. Reference [28] models
unresolved soft and collinear QCD radiation as an effective
environment and derives the corresponding quantum chan-
nel perturbatively from Altarelli-Parisi splitting functions,
while Ref. [29] uses a renormalization-group framework in
which the angular resolution acts as an evolution parameter,
obtaining a phase-flip channel in the high-energy regime.
Our approach shares the open-system description but
instead focuses on the hadronization process of an s5 pair,
modeling the environment through a spatially correlated
bath. Consequently, the separation of the particles enters
through the spatial bath correlations, leading to a depola-
rizing channel whose dynamics depend on the spatial
separation. The two approaches are therefore complemen-
tary, describing decoherence at different stages of the
partonic-to-hadronic evolution.

The paper is organized as follows. In Sec. II, we review
aspects of the quantum channel and the open quantum
system frameworks used throughout the work. In Sec. III,
we discuss AA spin correlations in high-energy collisions

and follow to construct a microscopic model for their
evolution in terms of the experimentally measured angular-
dependent suppression of their spin correlations. We
conclude in Sec. IV with a discussion of the implications
for quantum information based probes of hadronization
and confinement. Additional discussion on the quantum
channel treatment of spin correlations is provided in the
Appendix B.

II. QUANTUM CHANNELS AND OPEN
QUANTUM SYSTEMS

In this section, we review some basic properties of
quantum channels and their connection to open quantum
systems. The discussion will be restricted to the points of
interest in the application in the study of AA spin correla-
tions, and we refer an interested reader to Refs. [30-32] for a
more detailed presentation of these topics.

A. Quantum channels

The state of a quantum system is described by a density
operator p, which is a positive semidefinite operator of unit
trace acting in the Hilbert space of the system. Although the
evolution of an isolated system is unitary, many physical
processes of interest involve measurements, interactions
with unobserved d.o.f., or the loss of information to an
external environment. Such processes cannot, in general, be
described by unitary transformations acting solely on the
system.

The general, i.e., unitary or nonunitary, evolution of a
quantum state can be understood within the formalism of
quantum channels. In this context, one considers that any
physical transformation of p can be described by a
completely positive map, that is, a map £:p — p’, such
that £ ® 1 is positive in all states acting on an extended
Hilbert space H ® H'. A quantum channel is therefore a
completely positive and trace-preserving linear map that
transforms an initial density matrix p into a final state £(p).
A fundamental result of quantum information theory is that
every physically allowed quantum operation admits an
operator-sum representation,

E(p) =Y KK, (1)

where the operators {K,} are known as Kraus operators or
operation elements. Unitary evolution corresponds to the
special case where there is only one term in the operator
sum. Trace preservation requires

> KiK, =1, (2)

while complete positivity guarantees that the map remains
positive even when acting on part of a larger entangled
system.
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One can associate different choices of Kraus operators
with distinct physical processes. In the context of quantum
information, several choices are motivated by typical
decoherence processes that occur in quantum devices,
such as dephasing, amplitude damping, or depolarization
[30-32], although they are not unique. For example, for a
single-qubit system, the depolarizing channel can be
defined by

Ep) = (1= p)p+ 5> ooy (3)

where o; denote the Pauli matrices and the parameter p,
satisfying 0 < p <1, quantifies the strength of the
decoherence process. For p =0, the state remains
unchanged, and the channel is the identity channel.
Increasing values of p gradually degrade the information
encoded in the qubit. In the limit p = %, the state is
transformed into a completely mixed state. One possible
Kraus representation of the depolarizing channel is

given by

K;= EG[- (4)

K p—
0 3

1 - pT,

These operators satisfy the completeness condition, i.e.,
Eq. (2). Physically, this channel can be understood as a
process in which a qubit undergoes, with equal probability,
one of the three Pauli errors. The resulting dynamics are
isotropic in spin space and therefore provide a simple
model for the degradation of spin correlations.

B. Microscopic derivation of open quantum system
master evolution equations

The operator-sum representation provides a general
description of the evolution of open quantum systems.
However, in many physical situations, it is desirable to
derive the dynamics from a microscopic model describing
the interaction between the system and its environment.
This derivation establishes a direct connection between the
properties of the environment and the effective quantum
channels governing the reduced dynamics of the system.

To that end, let us consider a quantum system S coupled
to an environment B. The total Hamiltonian of S + B can
be written as [33]

H=Hs+Hg+H,, (5)

where Hg and Hp denote the free Hamiltonians of the
system and bath, respectively, while H; describes their
interaction. The state of the combined system is represented
by the density operator p(#), which evolves according to
the von Neumann equation in the interaction picture

"”Tt“) = —i[H,(1). pn(1)]. (6)

Writing the interaction Hamiltonian as
a

where A, and B, are system and bath operators, respec-
tively, we decompose the system operators into eigenop-
erators of the free system Hamiltonian. Introducing the
spectral decomposition

A, = ZAa(w)v (8)

the operators A, (w) satisfy
[]_IS7 Aa(w)] = _a)Aa(w)’ (9)

where w = € — ¢’ is a fixed energy difference of the system,
with € and ¢’ being eigenvalues of Hj. It follows that

Hi(1) =) e Ay(0) ® Bul1). (10)

a,w

The evolution equation for the reduced density matrix of
the system is obtained by tracing over the environmental
d.o.f., p(t) = Trg|p(2)]- Further progress requires several
physically motivated approximations.

The first of these is the Born approximation, which
assumes that the coupling between the system and the
environment is sufficiently weak so that the state of the bath
remains essentially unaffected by the interaction. Under
this assumption, the total density matrix can be approxi-
mated at all times by a factorized form,

Poi(t) = p(t) ® pg. (11)

where pp is a stationary state of the environment satisfying
[Hpg, pg] = 0. Physically, this means that the bath acts as a
large reservoir that continuously influences the system
while remaining unchanged.

The second key assumption is the Markov approxima-
tion. The effect of the environment on the system is
determined by the bath correlation functions,

(Ba(1)By(1 = 5)), (12)

which quantify how long the bath retains memory of its
previous state. If these correlations decay on a timescale
much shorter than the characteristic evolution time of the
system, the environment effectively loses memory of past
interactions. The future evolution of the system then
depends only on its present state and not on its previous
history, resulting in a time-local master equation.
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After applying the Born and Markov approximations,
one obtains a master equation containing terms oscillating
with frequencies of the form e/(®~*)". These terms couple
transitions associated with different frequencies of the
system. When the characteristic relaxation timescale is
much longer than 7~ 1/|w — &/|, the rapidly oscillating
contributions average to zero over the relevant timescales.
Neglecting such terms constitutes the secular approxima-
tion, which ensures that populations and coherences
associated with different transition frequencies evolve
independently.

The resulting Markovian Lindblad-form master equation
for the microscopic model in Eq. (5), whose detailed
derivation can be found in Appendix A, is

dz_(t’) = —ilHs+ His.p(0]+ D> 1ap()

o af
(Aol (0l0)- (@it (w). (0]} )
(13

where we returned to the Schrodinger picture. The coef-
ficients

epl(@) = / ® dsem (B (s)By0))  (14)

(5]

are the Fourier transforms of the bath correlation functions
and set the corresponding dissipative rates. In addition to
these dissipative terms, the interaction with the bath also
generates a coherent correction to the system Hamiltonian.
This contribution is denoted by Hjg and is commonly
referred to as the Lamb-shift Hamiltonian. It describes the
renormalization of the system energy levels induced by
virtual interactions with the environmental d.o.f.. In what
follows, we focus on the dissipative part of the evolution,
which controls the loss of spin information and determines
the effective decoherence rates.

III. HYPERON SPIN CORRELATIONS IN HIGH
ENERGY SCATTERING

A. Accessing the AA spin density matrix from
experiment

The possibility of describing hadronization as a quantum
channel relies on the existence of experimentally accessible
observables capable of probing the spin state of the
produced hadrons. In the case of A hyperons, a bound
state made of a strange quark and two light quarks, such
observables arise naturally from their weak and parity-
violating decays, which allow the spin information carried
by the hyperons to be reconstructed from the angular
distributions of their decay products. Thus, by reconstruct-
ing the associated spin density matrix of hyperon pairs, one

can build a dynamical picture of hadronization and its
relation to spin entanglement.

To this end, we first consider how the quantum numbers
of the pair can be quantified at a partonic level. In
particular, in what follows, we make use of the assumption
that the entire spin content of the hyperons is transmitted
directly from the strange quark, while the light quarks do
not directly contribute to it. This assumption is motivated
by the constituent quark model, in which the u and d quarks
combine into a spin-singlet configuration and therefore do
not contribute to the total spin of the hyperon. In the
nonrelativistic SU(6) model, the A spin is therefore
determined solely by the spin of the strange quark [34].
This nonrelativistic picture would be achieved in the
asymptotic limit where the light-to-strange quark mass
ratio is vanishing, i.e., m, ,/m; — 0. Of course, in reality
my =~ O(10)(m, + my), and thus our working assumption
should be taken as a simplifying approximation which
should still capture key qualitative features. We also note
that in our considerations, we shall not distinguish particles
from antiparticles, and thus our consideration cannot
separate AA from AA spin correlations.

Typically in QCD, states can be classified by their
discrete quantum numbers; for example, the QCD vacuum
has quantum numbers JP¢ = 0*F, where J is the total
angular momentum, P is the parity, and C is the charge
conjugation. These quantum numbers are related by the
following standard relations:

P = (_1)L+1’
C = (=1)E+S,
J=|L=S.IL=S|+1,...L+S.  (15)

If one assumes that the initial strange quark pair carries the
quantum numbers of the vacuum, as advocated in
Refs. [22,24], one can deduce that the orbital momentum
is L =1 and the spin is in the triplet state S = 1. If the
subsequent hadronization process preserves part of this
spin information, the final-state AA pair may inherit the
original quark-level correlations.

Experimentally, the spin of a A hyperon is analyzed
through its weak decay, A — pz~. Because the weak
interaction violates parity, the angular distribution of the
decay products is anisotropic and depends on the polari-
zation of the decaying particle. For an individual hyperon,
the decay distribution in its rest frame is given by

dN

1
—=—1 P,-n,), 16

where n,, is the direction of the decay proton in the rest
frame of the parent particle, P, is the polarization vector of
the hyperon, and a, is the weak decay parameter. As
individual hyperons, after averaging over events, are not in
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a polarized state (for unpolarized proton scattering), one
expects P, = 0. However, for a AA system, the most
general spin-density matrix compatible with the sym-
metries of QCD is

1 3
pA/‘\:Z<ﬂ +izl:c,'5i®5[>7 (17)

with C, = Cy, = Dy and C, = Dy, where the longi-
tudinal direction is defined with respect to the direction
of propagation in the AA pair center-of-mass frame, and we
already imposed that each hyperon is unpolarized on
average. Spin correlations are captured by the correlation
matrix C;, which can be extracted from the joint distribu-
tion of their decay products

dN 1

dQ,dQ; " (4n)? (I 4+ ayazDyy cos ), cos b,

+apyagDrrsing, sin@; cos (p, — ¢3)). (18)

where 6, and ¢, are the polar coordinates of n, in the A
rest frame and 65 and ¢}, are defined analogously in the A
rest frame. So far, only the azimuthal average cross section
(cos&” =n, -ny)

1 dN

1
NW—E(I—FG/\G[\PAACOSQ*) (19)

has been measured [24], and thus the full density matrix
cannot be fully fixed. Only the trace of the correlation
matrix can be determined,

1 2D D
Prs =5 Tr(C) = =L 2EE

3 (20)

Thus, in general, the final density matrix is characterized by
two undetermined quantities: the initial-state density matrix
(which can be in a simple product state or a highly
entangled spin state) and the trace of the correlation matrix
of the final state.

The measurement of P,z constitutes the central exper-
imental result underlying the present work. The STAR [24]
and CMS [25] collaborations observed that this quantity
exhibits a dependence on the relative separation of the two
hyperons, giving a spatial modulation to the shape of the
spin correlations, at center of mass energies 200 GeV and
13 TeV, respectively. The STAR result is rather remarkable,
as it suggests that for pairs produced at smaller angular

distances AR = +/(Ay)? + (A¢)?, the extracted correla-
tions remain sizable, indicating that a significant fraction of
the initial spin information, as predicted by the SU(6)
model, survives hadronization. In contrast, for larger values
of AR, the measured correlations decrease and become
consistent with zero within experimental uncertainties.

The CMS results are consistent with P, 5 = 0, indicating
that the measured hadrons are always uncorrelated. Such
observations are not inconsistent, as the spin correlations
are modified during the hadronization epoch, where the
interaction between the strange quarks and the bath made
of light d.o.f. can indeed deeply modify the spin density
matrix. As STAR and CMS operate in very distinct
kinematical regions, one expects this evolution to be
qualitatively very different. In what follows, we show that,
in fact, such behavior can be understood within a picture
where the A production is understood as an open quantum
system, in which the initial ss spin state evolves in the
presence of a surrounding many-body environment, cor-
responding to the hadronization transition in QCD. As we
will show, such a problem can be tackled using the
formalism introduced in Sec. II.

B. Open quantum system interpretation of AA spin
correlations

In the previous section, we discussed how the spin state
of a AA pair can be described by a two-particle density
matrix and how the interaction of a quantum system with its
environment may lead to decoherence. We further argued
that such a picture could be used to interpret the available
experimental data from STAR and CMS. These experi-
ments have observed a signal compatible with the survival
of the quantum correlations generated at the partonic level
for small angle separation between hyperons, while for
larger AR, the measured correlations are found to decrease
substantially and become consistent with zero within
experimental uncertainties. This behavior suggests that
the transfer of spin information from the initially produced
s5 pair to the final-state AA system is not perfect and
that the degree of correlation retained by the hyperon
pair depends on the environment experienced during
hadronization.

Motivated by these observations, we model the hadro-
nization process as a quantum channel acting on the spin
state of the initially correlated strange quark-antiquark pair.
In this picture, the s5 spin state constitutes the subsystem of
interest, while the remaining d.o.f. involved in the for-
mation of the final-state hadrons act as an effective
environment. Interactions with this environment progres-
sively degrade the initial quantum correlations, transform-
ing an initially coherent state into a mixed state. Since the
depolarizing channel provides one of the simplest and
most general descriptions of isotropic information loss, we
employ it as a phenomenological model of the hadroniza-
tion-induced decoherence process. We argue below that
the behavior observed in data is inconsistent with other
commonly considered quantum channels, and we provide
further evidence from a heavy quark effective theory
perspective.

Extending the expression for the depolarizing channel in
Eq. (3) to two qubits, we can write
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3 3
: (1-p)p
Ep) =Y (K, @ K)p(Ki ® KI') = (1= p)(1 = p)p + =3~ (1@ 0))p(1 ® )
u.v=0 j=1
+(l—p/)pi( : N PP .
3 0; ® 1)p(o; ® )+7Z (0; ® 6;)p(0; ® 0)). (21)
i1 ij=1
|
Applying this channel to the initial 5§ density matrix Foooo =1, Foioi=1-p, Fipio=1-p,

1 0)
Pss = 4 (ﬂ + Z:Ci 0; ® 51')’ (22)

we directly find

Elps) =5+

4 4 (0)
(1 —3p) (1 —3p’>zi:Ci o; ® o;.

(23)

FN -
P

That is, the channel leaves the identity invariant, damps
single-qubit coherences with factors (1 —3p) and
(1 —%p’), and suppresses two-qubit correlations multipli-
catively. This reflects the independent action of two
depolarizing environments on the subsystems.

While the channel formulation provides a nondifferential
description of the evolution, it is often useful to reformulate
the same process in terms of a master equation, as will be
shown in the next section.

1. Master equation for the depolarizing channel

As we have discussed, it is often possible to describe the
(not necessarily coherent) evolution of a density operator, at
least to a good approximation, by a master differential
equation,

p = Lp). (24)

The first step to relate a master equation to a corresponding
quantum channel £(p) [35] relies on expressing both the
quantum channel and the Liouvillian £ in a matrix form,

1
Fuk,uﬂ = ZTr[guKE(gM)]7
1
L;uc,wl = ZTr[g,uK'C(gu )]’ (25)

with G, =0, ® o, and 6o =1. F and L satisfy the
relation L = FF~!. As a result, this set of formulas allows
us to obtain a master equation from a quantum channel and
vice versa. At this point, it is convenient to do the
reparametrization p — % p so that the matrix representation
of £ becomes

Fiij=pp —(p+p)+1=(1-p)(1-p). (26)

Introducing time dependence in the probabilities as
p(t)=1—e7 and p'(t) =1 —e7", with y and y' the
decoherence rates, the Liouvillian matrix takes the form

Lgoo0 =0, Loioi = =7, Lio=-y. (27)
and LUU — LOi,Oi + LiO,iO' From L, one dil‘ectly Obtains the
Liouvillian

1
ﬁ(p) = Z Z Z Lﬂk,u/lTr(gﬂKp)gwl

HK UL

1
’ L1 .
+ yZ Z <g0ipgéi ) {gmg(l),-, p}) . (28)

Equation (28) is the Lindblad master equation correspond-
ing to two independent single-qubit depolarizing channels
acting on the two-qubit system. The dissipative dynamics
are generated by the local Lindblad operators Gy = 6; ® 1
and Gy; = 1 ® o,, which act on the quark and antiquark
subsystems, respectively.

2. Building up the master equation
Jfrom microscopics

The phenomenological depolarizing channel introduced
in the previous section provides a simple description of the
degradation of spin correlations during hadronization. It
would be desirable to establish a microscopic framework
capable of relating the parameter of the channel, y, to the
underlying dynamics of the bath environment. In the weak-
coupling and Markovian regimes, depolarizing dynamics
can be derived from an explicit system-environment inter-
action Hamiltonian in which the spin d.o.f. couple to bath
operators describing the surrounding medium. We therefore
begin by considering a microscopic model in which the
spin state of the initially correlated s5 pair interacts with an
effective bath through operators B; acting on the environ-
mental Hilbert space. Under the standard Born-Markov and
secular approximations, this interaction gives rise to a
Lindblad master equation whose solution reproduces the
depolarizing channel.
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While such a description accounts for the progressive
loss of spin information, it does not explain the exper-
imentally observed dependence of the spin correlations on
the relative separation of the final-state hyperons. To
address this limitation, we extend the model by introducing
bath operators with an explicit spatial dependence. In this
formulation, the environment is described by field oper-
ators evaluated at the locations associated with the two
constituents of the subsystem, allowing the degree of bath
correlation experienced by the pair to depend on their
separation. As a consequence, the resulting decoherence
rates become functions of the relative distance and,
ultimately, of the experimentally accessible variable AR.

Since the purpose of the model is to describe the
evolution of the spin d.o.f. rather than the full color
dynamics of QCD, we adopt an effective bath inspired
by the quantized electromagnetic field. The bath operators
are therefore constructed from bosonic creation and anni-
hilation operators in analogy with the coupling of a spin
to fluctuating magnetic fields. This choice captures the
essential ingredients required for spin decoherence—
namely, the presence of fluctuating environmental fields
and their spatial correlations—while remaining sufficiently
simple to permit an analytic derivation of the corresponding
master equation.

To this end, we first note that Eq. (28) can be derived
from an interaction Hamiltonian of the form [36,37]

H =Y (A @B +a0 @ B),  (29)

with Al(-s) = G,p/2 and Al@ = Gy;/2, where the bath oper-
ators are of the form

59 = [dog @) +a). (0

where ¢'9)(w) represents the interaction strength per
frequency, with ¢ = s, 5. The system Hamiltonian is

Hy = (Ai” + AQ). (31)

Using these elements, and following the procedure outlined
in Sec. II B, one finds, for the case where @, = 0, that the
evolution of the density matrix corresponds to that
of Eq. (28).

We further consider an extension of this model in which
the interaction Hamiltonian takes the form

o= [aY @Bx) +47 @ By)|.  (32)

1

where the bath operator is

B(x) = / Pr(g(k)are™™ + " (Kale-®%),  (33)

where ¢(k) is the generally isotropic coupling strength
between the system under study and the unmeasured
system (taken as the bath) in momentum space, which
depends only on the magnitude k = |k|. This extension
thus allows one to include spatial information in the bath
and capture the angular dependence of the spin correlator.
Following once again the method described in Sec. II B, in
the case where w, = 0, we find

L — £eop)

dt
,0
+ f(r4 ) Z(giopgw +GoirGio —{Gi-r}).  (34)

1

Here, £(°%)(p) is the Liouvillian for the depolarizing
channel in Eq. (28), with decoherence rate

y() = /_ ™ dseis (B(x, s)B(x,0))

o

:/fdwmwagB@ﬂ». (35)

[s9)

The second term in Eq. (34) accounts for correlated
depolarization induced by a common environment.
These nonlocal dissipative contributions are governed by
the decoherence rate

E(r, ) = /_ * ds e (B(x, 5)B(y,0)),  (36)

(e8]

with r = |x —y|. Using the bath average

<wa3@o»—/ﬁ%mww

X [(N (k) +1)eiks +N(k)eik‘} ek (x-y)

(37)
with N(k) the occupation number, we arrive at
sin(k,,r
E(r.) = rlw) 0] (38)

with y(w) = 87%k2|g(k,)|*N(w) and k,, = w/c. The coef-
ficient y(0) corresponds to the correlation function for the
same-point bath evaluated at zero frequency. In general,
the low-frequency behavior of both the coupling g(k) and
the occupation number N(k) is not known from first
principles in QCD. As a result, the zero-frequency limit
cannot be determined microscopically and must be treated
as an effective parameter of the reduced dynamics,
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(0) = 82 lim3lo(k, ) PN (@) =7, (39)

where the last equality defines the effective decoherence
rate y. On the other hand, the separate-baths correlation
function is

E(r) = EH}] sm}fk:,r) '

w

(40)

Since the relevant dynamics occur in the zero-frequency
limit, the quantity k,r is not uniquely determined by the
microscopic model. Nevertheless, the correlation function
must satisfy two physically motivated conditions: for
vanishing separation, both spins should experience the
same environmental fluctuations, implying &(r) — y as
r — 0; conversely, for large separations, the bath correla-
tions should disappear, leading to &(r) — 0 as r — 0. To
interpolate between these two regimes, we replace k,r by
the dimensionless variable ar, where a determines the
characteristic correlation length of the environment, which
we set at a = 1.

Thus, this microscopic model predicts correlations as a
function of the spatial separation between the two hadro-
nization points, whereas experimentally the accessible
quantity is the angular separation AR in momentum space.
Motivated by the approximately local nature of hadroniza-
tion, we assume that the average spatial separation is a
monotonic function of AR, allowing the proportionality
constant to be absorbed into the environmental correlation
length.

3. Numerical fit to experimental data

Having constructed explicit forms for the bath correla-
tion functions, parametrized by y, we can now extract these
from the experimental values of P, 5. To find an analytical
relation between & and P,;(AR), we require the quantum
channel corresponding to Eq. (34), which can be obtained
following the same method already employed in
Sec. III B 1. We start by writing the Liouvillian in matrix
form. The diagonal terms of L are the same ones as in
Eq. (27),

Loioi = =7,
Lij,ij = -2y, (41)

Loo00 =0,
Ligi0 = =7,

whereas the off-diagonal terms (i # j) can be found by
using Eq. (25) again and are

L;;j; = &(AR), Lj;; = —¢(AR). (42)
We find that the quantum channel can be written, for an
initial density matrix as in Eq. (22), as

1
pax = Epis) = 3 2.0 FucaiTr(Gunpss) G

WK UA
T 1 0)
with F = e!!, since L does not depend on time, and
@ = L e r28R) | 2 oy EaR))
3 3
p= % [e-roasiannn _ g-eresiamn] . (aa)

Connecting these to the parametrization of the measured
density matrix and the initial one, we find the simple
relation

0 0
Dy =DV (a + p) + pD,
D, = aD\” + 25D\, (45)

As a result, the initial and final polarization parameters are
connected by a simple relation:

PAi(AR) = P} exp (<2[y — E(AR)]r).  (46)

Note that this evolution is derived from the structure of the
quantum channel, matching the heuristic ansarz recently
used in Ref. [22].

To quantify the dependence of the spin correlations on
the pair separation, we fit the measured values of P,; as a
function of AR using the phenomenological expression in
Eq. (46) where y denotes the local decoherence rate, ¢ is the
effective interaction time, and

sin (AR)
(AR =y (47)
describes the spatial correlations of the environment. For
small values of AR, the environmental fluctuations expe-
rienced by the two particles are strongly correlated, yield-
ing £(AR) ~y and therefore a suppression of decoherence.
As the separation increases, the correlation function
decreases, and the effective decoherence rate approaches
its asymptotic value y, leading to a progressive loss of spin
correlations.

The value of the initial correlation Pﬁ?}\ depends on the
assumptions used to relate the spin state of the parent s5
pair to that of the observed AA system. As discussed

previously, the value Pf}\

tivistic SU(6) constituent quark model, in which the spin of
the A hyperon is entirely carried by the strange quark.
While this picture provides a useful starting point, it is
ultimately a simplifying approximation and may receive
corrections from more realistic descriptions of the hadron

:% follows from the nonrela-
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structure. Furthermore, feed-down contributions from
heavier hyperons are expected to dilute the observable

correlations. For these reasons, we do not impose a fixed

58\ and instead treat it as a free parameter. The fit

therefore contains two free parameters: the effective
decoherence strength y¢ and the initial correlation Pi?}\.

The fit is performed independently for the STAR and
CMS datasets. In both cases, the first experimental point is
excluded from the analysis. For the average transverse
momentum of the STAR and CMS samples, the smallest
measured separation corresponds to a characteristic scale
O ~ (pr)AR ~ 0.34 GeV, comparable to the QCD scale
Aqcp where the hadronization process of the two hadrons
cannot be treated independently as our model requires. The
experimental AA spin correlations as a function of AR,
together with the fitted curves, are shown in Fig. 1.

The numerical fit yields the results

value of P

ytSTAR =35+ 27,

©  _
P} oar =033 £021, (48)

for the STAR dataset, while for the CMS data we obtain

thMS =72+ 86,

©
P} s = —011£0.18. (49)

The fitted parameters exhibit large uncertainties of com-
parable magnitude. This reflects the limited constraining

------- STAR Model
o4 L CMS Model
@ STAR /5 = 200GeV

N =13 J
041 b CMS 5 =13TeV

0.3

0.24

Pyi

0.14 .
T e f----.:::::','.'.'.'.'.'.8'.'.'.'.-.-.-.-.-.-.-.-...-.-.-.m“...».---f--.

—0.19 e

—0.24

—0.31

0.0 05 10 15 20 25
AR

FIG. 1. Spin correlations of AA pairs in pp collisions at \/s =
200 GeV (red) [24] and /s = 13 TeV (blue) [25]. The yellow
band represents the regime below AR ~ Agcp/(pr), with
(pr)™S ~ (p;)STAR = 1.35 GeV where the hadronization proc-
ess of the two hadrons cannot be treated independently. Dotted
lines represent the fit of Eq. (46) to the experimental values.

power of the dataset, which consists of a few experimental
points with large uncertainties. The STAR fit provides
evidence for a progressive suppression of spin correlations
with increasing separation, consistent with the decoherence
mechanism proposed in this work. The extracted value of

PE\O/)\ is close to the prediction of the SU(6) model, although
its interpretation is complicated by the expected feed-down
contributions and by the exclusion of the smallest-AR
point, whose measured value is itself close to the feed-
down-diluted expectation. It is also worth noting that the
overall value of P,z = 0.181 = 0.035 % 0.022 reported by
the STAR Collaboration exceeds the feed-down-diluted
prediction, suggesting that the relation between the
observed AA correlations and the underlying s5 spin state
may be more intricate than assumed in the simplified
picture adopted here. In contrast, the CMS data do not
exhibit a statistically significant positive correlation at
small separations and remain compatible with zero over
the full AR range. As a consequence, the fitted parameters
are poorly constrained and do not permit a meaningful test
of the underlying production mechanism.

We note that, in principle, the model couplings entering
the decoherence rate y could be estimated within a
suitable phenomenological description of the quark—bath
interaction, potentially incorporating perturbative parton-
level dynamics.

4. Incompatibility with other quantum channel
descriptions

Besides the adopted depolarizing channel for the
phenomenological description of hadronization-induced
decoherence, several other alternative quantum channels
were also considered. In particular, we studied both
dephasing and amplitude-damping dynamics, which re-
present two of the most common mechanisms of environ-
mental noise.

Dephasing channel. This channel suppresses quantum
coherence while preserving state populations, leading to a
final state that retains a preferred spin basis and therefore
does not reproduce the nearly isotropic reduction of spin
correlations suggested by the experimental observations. In
other words, it has the effect of suppressing the off-diagonal
terms while leaving the diagonal terms intact, which, for the
case of a system in the initial state [see Eq. (22)], amounts
to the suppression of D% while Pz = %(ZDTT +Dy;)
would approach D(LOL> and not zero, as supported by
experiment.

Amplitude-damping channel. This channel drives the
system toward a specific ground state, introducing a direc-
tional bias and describing energy relaxation rather than the
loss of spin information expected during hadronization.

Neither channel was found to generate the desired
evolution from an initially correlated spin-triplet state to
the approximately unpolarized final state inferred from the
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data. The depolarizing channel, by contrast, degrades all
spin components uniformly and drives the system toward a
maximally mixed state while preserving rotational sym-
metry. It therefore provides the simplest effective descrip-
tion of the observed suppression of spin correlations.

5. Connection to heavy quark effective theory

So far, our discussion, though motivated by a problem in
QCD, has not used any element of the theory but rather
explained the observed phenomena from a purely quantum
information point of view. Here, we motivate that the
previous results can be connected to QCD.

To do this, we shall rely on heavy quark effective theory
(HQET), which can be employed to explain the dynamics
of hadron states made from heavy quarks [38—43]. In
HQET, the leading spin-sensitive interaction between a
heavy quark and the soft gluon background is the chro-
momagnetic Pauli operator, which is introduced in the
Lagrangian via

'Cspin = KshzsigBihm (50)

where £, is the heavy-quark effective field with velocity v,
S’ = ' /2 is the spin operator, g is the QCD coupling, and
B; is the chromomagnetic field. The coefficient x; =
cp/my controls the strength of the spin-chromomagnetic
interaction. In the tree-level approximation, one may take
cp =1, so that k, = 1/m,. We note that in this setup,
although we assume the strange quarks are heavy, the
previous expression should not be interpreted as a con-
trolled expansion in Agcp/m;,, and we use Eq. (50) as a
symmetry-motivated guide for the leading local spin-
dependent coupling of the strange quark to the soft
QCD environment. The purpose of the HQET argument
is therefore not to make a quantitatively controlled expan-
sion in 1/mg but to identify the chromomagnetic bath
operator responsible for spin decoherence.

After the standard Wilson-line field redefinition, which
removes the leading eikonal coupling v - A from the heavy-
quark Lagrangian, the spin interaction Hamiltonian can be
written in the form

2

Hi(1) == S10,(0), (51)

a=1

where a = 1, 2 labels the strange quark and antiquark
trajectories, and

Ouilt) = kY(1)gBH (xa (1)) T4Y o (0). (52)

Here, Y, is a Wilson line along the corresponding trajec-
tory, while 74 is the color generator in the representation
appropriate to the quark or antiquark. The operator O,,; is
thus the QCD analog of the bath operator used above.

Using the Born-Markov approximation and neglecting spin
splittings over the short hadronization time, tracing over the
soft QCD d.o.f. gives the Lindblad equation

dp 2 MY O i

o= > (S;psg —2{S;,S;,p}> —i[His.pl.  (53)
a,b=1

where

= [ 00O (54

As discussed before, the Lamb-shift Hamiltonian Hig
generates coherent spin precession; since our main interest
is the decay of correlations, we focus on the dissipative part
of Eq. (53) solely in what follows.

For an unpolarized and spin-isotropic environment, and
after tracing over the unresolved color and soft d.o.f., the
most general leading structure relevant for the scalar spin
correlations can be parametrized as

. )
ri —sir,,  T,=| (55
ab b b <§<r) y ) ( )

with r = |x —y|. The local coefficient y measures the
strength of the chromomagnetic spin noise experienced
by each particle separately, while the nonlocal coefficient
£(r) measures the correlation between the noise sampled
along the two trajectories. Complete positivity requires

y+&(r) =20, y=£&0r) 0. &)<y (56)

It is useful to diagonalize Eq. (55), introducing

Si S[ N .
Jgi) = ‘\j/%z, such that the system’s evolution can be
written as

dp
@ P

+ (=9 DU~ ilHis. . (57)

where D[L]p = LpL" —1{L7L,p}. The common (+)
mode corresponds to the same chromomagnetic fluctuation
acting on both spins, whereas the relative (—) mode
corresponds to fluctuations that distinguish the two tra-
jectories. This decomposition is useful when considering
the action of the adjoint Lindblad generator on the scalar
spin-correlation operator, 6; - 6,, for which one finds the
identities
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> D' (61 -62) =0,

S D61 - 6,) = ~26, - 6. (58)

i

Thus, only the relative chromomagnetic noise depolarizes
the pair and suppresses the scalar spin correlation. One
therefore obtains

Py(t.r) = PY exp [-2[y — &(r)]1]. (59)

This has precisely the same structure as the suppression
factor obtained from the depolarizing-channel analysis,
giving a QCD interpretation of the phenomenological
channel parameters. In particular, the overall decoherence
strength is controlled by the local chromomagnetic spin-
noise rate y, while the angular dependence is governed by
the nonlocal chromomagnetic correlator &(r).

This simple derivation further motivates why the depola-
rizing channel is the natural leading channel for the present
observable. An unpolarized, spin-isotropic chromomagnetic
environment produces isotropic spin noise, which suppresses
6, - 6, without selecting a preferred spin axis. Channels such
as pure dephasing or amplitude damping would require
additional microscopic structure, such as a preferred quan-
tization axis, anisotropic bath correlations, or sizable coher-
ent spin splittings. Even though such effects can be taken
into consideration, it is unclear to us how to justify their
relevance in a simple physical picture.

IV. CONCLUSION

In this work, we have investigated the possibility that the
suppression of spin correlations observed in AA production
can be interpreted as a manifestation of quantum
decoherence during the hadronization process. Motivated
by recent measurements from the STAR and CMS collab-
orations, we employed the formalism of quantum channels
and open quantum systems to model the evolution of the
spin state of a parent ss pair into the experimentally
observed AA final state.

We first considered several phenomenological quantum
channels capable of describing the loss of quantum infor-
mation. In particular, dephasing and amplitude-damping
channels were examined and found to be incompatible with
the approximately isotropic suppression of spin correlations
suggested by the data. By contrast, the depolarizing channel
naturally drives the system toward a maximally mixed state
while preserving rotational symmetry, making it the simplest
effective description of the observed behavior.

To provide a microscopic justification for this phenom-
enological picture, we derived a Lindblad-form master
equation from a system—environment Hamiltonian. The
environment was modeled as a bosonic bath coupled to
the spin d.o.f. of the strange quark and antiquark. By

introducing spatially dependent bath operators, we
obtained an effective decoherence model in which the
decay of spin correlations depends on the separation
between the two particles. This construction leads naturally
to a correlation function of the form &(r) and establishes a
direct connection between the environmental correlation
length and the experimentally measured variable AR. We
iterate that the inclusion of the angular dependence in the
description of the spin correlations sets this approach apart
from the existing literature.

The resulting model predicts an exponential suppression
of the spin correlation observable P,; with increasing
separation. Fitting this expression to the STAR data yields a
clear indication of a decreasing correlation strength as AR
increases, consistent with the interpretation of hadroniza-
tion as a decohering process. The extracted effective
decoherence parameter is reasonably well constrained
and reproduces the overall trend of the data. In contrast,
the current CMS measurements do not exhibit a statistically
significant positive correlation at small separations and
therefore do not allow a meaningful determination of the
model parameters. At present, the CMS data remain
compatible with both the proposed decoherence scenario
and the absence of an observable initial spin correlation.

An additional advantage of the present framework is that
it provides predictions for the individual longitudinal and
transverse spin correlations, D; and Dy, rather than only
for their combination entering P, ;. This observables have
been recently explored in Refs. [23,44]. Measurements of
these quantities, or more generally of the angular distri-
bution in Eq. (18), would therefore provide additional
information on the structure of the spin-correlation tensor
and offer a more stringent test of the proposed quantum-
channel description. In particular, such additional differ-
ential measurements could distinguish between different
decoherence mechanisms that may produce similar behav-
ior for the currently measured P, but different evolutions
of D; and Dy. We therefore regard measurements of the
individual spin-correlation components as a useful direc-
tion for future studies of quantum decoherence in the
hadronization process.

The framework developed here demonstrates that the
language of open quantum systems provides a natural and
quantitative description of the loss of spin correlations
during hadronization. The results suggest that the exper-
imentally observed dependence of P,z on AR can be
understood in terms of environmental decoherence acting
on an initially correlated quark pair. In the future, it would
be meaningful to further extend this approach to account
for the system’s evolution in color space, as recently
proposed in Ref. [22].
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APPENDIX A: MICROSCOPIC DERIVATION
OF OPEN SYSTEM MASTER EVOLUTION
EQUATIONS

Consider a quantum system § coupled to an environment
B. The total Hamiltonian of S + B can be written as
H=Hg+Hp+ Hy, (A1)

where Hg and Hp denote the free Hamiltonians of the
system and bath, respectively, while H; describes their
interaction. The state of the combined system is represented

by the density operator p (), which evolves according to
the von Neumann equation in the Schrodinger picture

M = —l.[H,ptot(t)}'

7 (A2)

Although the evolution of the total system is unitary, the
subsystem of interest is described by the reduced density
matrix

p(t) = Trg[pe(1)],

obtained by tracing over the environmental d.o.f.. In
general, the dynamics of p(¢) are nonunitary and depend
on the entire previous history of the system. Consequently,
the exact reduced evolution is typically non-Markovian and
difficult to solve for.

To derive a tractable equation of motion, it is convenient
to work in the interaction picture. Defining the free
Hamiltonian Hy = Hg¢ + Hp, the interaction picture inter-
action Hamiltonian is

(A3)

H[(f) == eiHotHle_iHot. (A4)
The von Neumann equation then becomes
dpiy (1 :
Pl 18, (). pa(8), (3)

where now p(t) is in the interaction picture as well.
Integrating Eq. (A5) and taking the partial trace over the
bath d.o.f. leads to an exact integro-differential equation for
the reduced density matrix,

dZ—(t) = —/’dsTrB{[HI(t), [HI(S)vptot(s)H}’ (A6)

1 0

where we have assumed

Trg([H(1). por(0)]) = 0. (A7)
So far, no approximations have been taken, and the
evolution remains nonlocal in time and depends on the
full system-bath state. Using the Born approximation

Put(t) = p(t) ® p, (A8)
where pp is a stationary bath state satisfying
[Hg.ps] = 0. (A9)

the evolution of the system density matrix reduces to

d'[;—(tt) _ _AtdsTfB{[H’(t)’ [H;(s),p(s) ®PBH}.

(A10)

The Markov approximation allows the integrand p(s) to
be first replaced by p(t). This approximation is valid when
the correlation functions decay on a characteristic timescale
7 that is much shorter than the characteristic timescale zg
over which the reduced density matrix evolves, as the
environment rapidly loses memory of previous interactions
with the system. With this approximation, one obtains the
so-called Redfield master equation [45]. Nonetheless, the
evolution still depends on an explicit choice for the initial
preparation at time ¢t = 0. We therefore make the substi-
tution s — ¢ — s, which results in an exactly Markovian
system:

ﬁ?:‘ﬂmwﬁ4mmxwm—wmn®%ﬂ'

(A11)

Although Eq. (A11) is Markovian, it does not necessarily
preserve complete positivity of the density matrix. This
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can be ensured via a further approximation, writing the
interaction Hamiltonian as

H[ - ZAa ® Baa (Alz)

where A, and B, are system and bath operators, respec-
tively. We decompose the system operators into eigenop-
erators of the free system Hamiltonian. Introducing the
spectral decomposition

Ag =Y Aqw), (A13)
the operators A,(w) satisfy
[Hs, Ag(@)] = —wA, (o), (A14)
and it follows that
(A15)

Hl(t) = Ze_itha(w) ® Ba(t)'

Let us denote the reservoir average of the relevant corre-
lations of the bath operators as

(Bo(1)By(t = 5)) = Trp(B,(1)By(t — s)pg).  (Al6)
If Eq. (A9) is satisfied, then (B,(t)Bs(t—s)) =
(B,(s)B4(0)), showing that these quantities do not depend
on time. As the interaction-picture evolution contains
oscillatory terms with frequency @ — @', when the frequen-
cies mismatch, such terms average out over timescales in
which pg varies appreciably. Thus, we further neglect such
oscillatory contributions (secular approximation). Under
the combined assumptions of weak coupling, rapidly
decaying bath correlations, and the secular approximation,

the reduced dynamics thus assume the Lindblad form
shown in Eq. (13).

APPENDIX B: REPLACEMENT QUANTUM
CHANNEL

As an alternative to the depolarizing description devel-
oped in this work, we also investigated a more direct
representation of hadronization in terms of quantum chan-
nels that map any initial s5 spin state onto the experimen-
tally inferred AA density matrix through a replacement
channel.

Such a channel provides an exact description of the
observed state transformation and represents an extreme
limit of information loss, in which the details of the initial
spin configuration are entirely erased by the hadronization
process, leaving only the final reconstructed two-par-
ticle state.

1. Overview of replacement channel

The replacement map sends every input state p to a fixed
output density matrix, independently of the initial state; i.e.,
given a target final state py, the action of a replacement
channel is [46]

£,(0) = py- (B1)
Such a map is completely positive and trace preserving and

can be written explicitly in Kraus form by diagonalizing the
target state,

Pr= Zﬂi|¢i><¢i

(B2)

LD =1

where 4; and |¢;) are the eigenvalues and eigenvectors of
py- Introducing an arbitrary orthonormal basis |¢;) for the
input Hilbert space, one possible Kraus representation is

Kij = \/’Ti|¢i><(/’j

where the Kraus index a has been replaced by the
composite index (i, j). Replacement channels, therefore,
describe an extreme form of information loss: all depend-
ence on the input density matrix is erased, and the system is
reset to a prescribed final state.

This construction is also useful because it allows
the channel to be characterized through its Choi-
Jamiolkowski state [47], which allows one to determine
whether the channel is entanglement breaking, entan-
glement annihilating, or capable of preserving non-
classical correlations. For a channel acting on a
Hilbert space H of dimension d, let {|n)}?_, denote
an arbitrary orthonormal basis of . Introducing the
maximally entangled state

, (B3)

1 d
Q) = ﬁ;M) ® |n), (B4)

with (Q|Q) =1, the Choi-Jamiolkowski state of the
channel is defined as

Te =d(1 ® &)(12)(Q)
d

= 37 (In)n')) @ Em) ('),

nn'=1

(B5)

Equivalently, if the channel is given in Kraus form, its
Choi matrix can be written as [48]

Tg = Z'Ka»«Ka

, (B6)

Here, |)) denotes a vectorized matrix. In the case of a
bipartite quantum channel with {K,} € H4 ® Hp, the
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Choi matrix acts on the Hilbert space (H A® HB) ®
(Hy ® Hp). The Choi matrix is Hermitian as it is a
sum of rank-1 projectors. It is also unique. Any rank-1
decomposition of T in the form in Eq. (B6) gives us a
valid set of Kraus operators.

The separability properties of T provide a diagnostic of
the channel itself. Indeed, it has been proven [49] that, if and
only if the Choi matrix is separable across the AA’| BB’ cut,
then its corresponding quantum channel is also separable. A
necessary condition for the separability of the Choi matrix
across a certain cut is that it must satisfy the positive partial
transpose (PPT) criterion [50], which states that, if T is
separable across, say, the AA’ cut, then all the eigen-
values of Y74« are non-negative, where T 4 denotes the
partial transpose, obtained by applying transposition on
H4 ® H', while applying the identity on Hpz ® Hj.

On the other hand, a channel is entanglement breaking
[51] if its Choi state is separable with respect to the
reference-system bipartition. For a replacement channel,
one has &, (|n)(n'|) = 8,,p; and, accordingly, finds

Tg/’_[ =1 ®pf <B7)
Hence, the channel is entanglement breaking: any entan-
glement between the input system and an external reference
is erased. This statement should be distinguished from the
question of whether the output two-particle state p itself is
entangled. For a replacement channel, the map is entan-
glement annihilating (that is, it destroys any entanglement
within the system) precisely when the target state p; is
separable. Since the present application involves two
qubits, this latter question can be tested through the
positivity of the partial transpose of ps, just like it was
explained for Y, the difference being that, whereas for the
Choi matrix the PPT criterion provides only a necessary
condition for separability, for p, it provides both a
necessary and sufficient condition.

2. Replacement channels from the measured final state

To build the channel £, (p), we first decompose our
final density matrix as in Eq. (B2). The eigenstates of p,x

are the Bell states,

|Boo) = [PT) = 7(|00> + 1),
|Bor) = [¥7) = 7(|01> + [10)),
|Bio) = [@7) = 7(|00> 1)),
|Bi1) = [¥7) = (|01> 10)), (B8)

%\

and their eigenvalues

dor =~(1+C, F Cy + C.),

A==

Myr =—(1£C, £C, - C,). (B9)
Following Eq. (B3), we use these results to construct the
following sixteen Kraus operators,

Kiju = /13,-,-|Bij>< (B10)
which act on any initial density matrix as
gp,\;\ (P) = ZKij,kl/)Kj-j,kl = PAA- (Bll)

ijkl

Now, we proceed to classify our quantum channel
following the discussion in the previous section. We have
already seen that the replacement channel is always
entanglement breaking. Next, we check the separability
of the channel £, . The eigenvalues of the partial transpose

Pf
of Tgﬂf across the AA'|BB' cut are

(B12)

Bj; =5 <_lBu + Zinf)

ij#kl

For the PPT criterion to be satisfied, it must be the case that
Kp, 2 0. Therefore, the requirement that &£, ; be separable

imposes a restriction on the Az and, consequently, on the
coefficients C;. Using Eq. (20), we find

1
K'q)i = Z (1 - 3PA/_\ + 2DTT)’
1
Kg+ = Z(l + 3Pyx —4Drr),
1
Ky~ :Z(1+3PAA)’ (B13)

from which we can derive the following conditions:

4Dy — 1 2D 1
Dl p Pt (B14)
3 3
1
Moreover, positivity of p,z implies
2|Drr| £ 1=Dyy,
—-1<D;; <1, (B16)

which restricts the possible values of P,; to the range

-1 <P,z < (B17)

b-)l»—
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FIG. 2. Classification of the replacement channel, exhibiting
the same structure as the state entanglement characterization
considered in Ref. [26].

Combining these conditions, we find that for the channel to
be separable it must be the case that

——<Pyi<-. (B18)

W =
W =

Figure 2 shows the region where these inequalities are
satisfied.

To find a sufficient condition for separability, we note
that if the final state is separable,

Pai =D pupit ® PP, (B19)

and we write p;* and p5 in terms of their eigendecompo-
sitions,

p;l = Zav.ilav,i><au,i| (BZO)

PE = builbui bl (B21)
J

then we can define the Kraus operators

Kt/,ijkl = \/ pvau,ibu,j(|ay,i> ® |bl/,j>)(<k| ® <l|)

= /Pua,ila,;) (k| ® /b, b, ;)(I| = Kfik ® Kf.jl’
(B22)

where [)k and |)/ are orthonormal bases of A and B,
respectively. This channel is, therefore, separable, since it
can be written as

E,u(p) = D (KLy ® KB )p(Ky @ KB,)T. (B23)

v.i,j.k.l

Finally, as it has already been mentioned, we note that the
replacement channel is entanglement annihilating if and
only if the final state p,; is separable. On the other hand,
for a replacement channel, separability of the final state is a
necessary condition for the separability of the channel,
since a separable channel cannot map separable states to
entangled ones. Conversely, as shown above, whenever p , x
is separable, the replacement channel admits a Kraus
representation in terms of product operators and is therefore
separable. We then conclude that the region where the
channel is entanglement annihilating coincides with the
region where the channel is separable (see Fig. 2).
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