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Spontaneous collapse models aim at solving the measurement problem of quantum mechanics by introduc-
ing collapse of wave function as an ontologically objective mechanism that suppresses macroscopic superpo-
sitions. In particular, the strength of collapse depends on the mass of the system. Flavor oscillating systems
such as neutral mesons feature superpositions of states of dierent masses and, hence, could be used to test the
validity of spontaneous collapse models. Recently, it has been shown that the mass-proportional CSL model
causes exponential damping of the neutral meson oscillations which, however, is not strong enough to be ob-
served in the present accelerator facilities. In this Leer, we study how the violation of the CP symmetry in
mixing changes the spontaneous collapse eect on avor oscillations and its observability.

Introduction.— Breakdown of the superposition principle
of quantum mechanics at the macroscopic scale and subse-
quent emergence of classicality have been a subject of de-
bates since the birth of quantum theory. Spontaneous col-
lapse models aempt to explain it by adding an objective
mechanism that stochastically reduces the wave function of
a system [1, 2]. For microscopic objects, the reduction mech-
anism’s eect is negligible, so that the Schrödinger unitary
evolution and the superposition principle remain valid. How-
ever, moving towards macroscopic scale, it is amplied and
eectively suppresses superpositions of macroscopic states.
In this way spontaneous collapse establishes a border be-
tween macroscopic and microscopic.

e validity of spontaneous collapse models is a sub-
ject of intense experimental verication [3, 4]. Fundamen-
tal testability of spontaneous collapse allows for a num-
ber of experimental proposals such as X-rays [5–9], spon-
taneous radiation emission from charged particles [10–13],
cold-atom experiments [14], gravitational waves [15], lev-
itated nanoparticles [16], maer-wave interferometry [17–
20], and optomechanical setups [21–23]. Another example
is given by mixed particle systems [24–30] that reveal phe-
nomena of mixing and avor oscillations. Because of these
phenomena the states of a mixed particle which are relevant
in experiments are given by superpositions of states with
distinct masses and, therefore, are interesting for quantum-
mechanical tests [31–35]. A particular interest is drawn by
neutral K-meson systems that violate the CP discrete sym-
metry and oer a rich playground for tests of spontaneous
collapse models and foundations of quantum mechanics in
general [35–47].

Collapse models.— In general, the collapse dynamics is de-
scribed by the following non-linear stochastic modication
of Schrödinger equation,
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]
|𝜓𝑡 〉, (1)

where 〈𝐴𝑖〉𝑡 = 〈𝜓𝑡 |𝐴𝑖 |𝜓𝑡 〉. Here �̂� is the standard Hamilto-
nian of the quantum system, 𝐴𝑖 are a set of 𝑁 operators in-
troducing the collapse in a certain basis choice (position basis
in most cases). 𝑊𝑖,𝑡 represent a set of independent standard
Wiener processes and _ is a constant introduced by themodel
which quanties the strength of the collapse. Notice that we
use natural units, i.e., ℏ = 𝑐 = 1. For the sake of simplicity, we
focus on GRW-type models [48], where collapse is triggered
by interaction with an external classical stochastic eld, and
choose the mass-proportional CSL model [49–51] which is
intensively studied in avor-oscillating [24–26] and radiation
emiing systems [5–12]. However, a similar analysis can be
performed straightforwardly for the QMUPL model [52] as
well.
e mass-proportional CSL model is dened by the col-

lapse operator of the form

𝐴x =

∫
𝑑y𝑔(y − x)

∑︁
𝑖

𝑚𝑖

𝑚0
𝜓
†
𝑖
(y)𝜓𝑖 (y), (2)

where𝜓 †
𝑖
(y) and𝜓𝑖 (y) are the creation and annihilation op-

erators of a particle of type 𝑖 and mass𝑚𝑖 in a point y, respec-
tively, whereas𝑚0 ≈ 9.4 · 102 MeV/c2 is the reference mass
equal to the mass of a nucleon. For the strength _ of collapse
in the CSL model two dierent values were proposed,

_ = 10−36 m3s−1 (3)

by Ghirardi, Pearle, and Rimini [50], and

_ = 10−28 m3s−1 (4)

by Adler [53]. In what follows, due to the latest results of
non-interferometric experiments probing spontaneous col-
lapse [4], we stick to the value (3). e function 𝑔(y − x)
is the Gaussian smearing function

𝑔(y − x) = 1
(
√
2𝜋𝑟𝐶 )3

𝑒
− x2

2𝑟2
𝐶 , (5)

that introduces the second constant

𝑟𝐶 = 10−7 m (6)
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of the CSL model seing the spatial scale of spontaneous
collapse. Notice that the index x of the collapse operator is
continuous and corresponds to a point in the physical space,
hence, the sums in (1) have to be replaced by integrals on x.
Neutral meson dynamics and discrete symmetries.— Mix-

ing and oscillations of neutral mesons are usually treated via
non-relativistic quantum mechanics: therein, a neutral me-
son system is described by a two-dimensional Hilbert space
H𝑀 spanned by its physical particle/antiparticle states |𝑀0〉
and |�̄�0〉 that are labeled by a avor quantum number (for
example, strangeness in the case of neutral 𝐾-mesons). e
standard approach to dynamics is based on the Wigner–
Weisskopf approximation which incorporates the decay into
neutral meson dynamics by introducing the eective non-
Hermitian Hamiltonian (wrien here in the |𝑀0/�̄�0〉-basis)

�̂�𝑊𝑊𝐴 = �̂� − 𝑖

2 Γ̂

=

(
𝑀11 − 𝑖

2Γ11 𝑀12 − 𝑖
2Γ12

𝑀∗
12 − 𝑖

2Γ
∗
12 𝑀22 − 𝑖

2Γ22

)
≡

(
𝐻11 𝐻12
𝐻21 𝐻22

)
, (7)

where �̂� = �̂�† represents the mass operator which covers
the unitary part of the dynamics, and Γ̂ = Γ̂† describes the
decay. Conservation of discrete symmetries implies certain
constraints on the elements of the Hamiltonian (7). In partic-
ular, CPT symmetry requires 𝐻11 = 𝐻22, while CP symme-
try adds |𝐻12 | = |𝐻21 | to this condition [54].

Despite its wide usage in neutral meson phenomenol-
ogy, the usage of Schrödinger equation with the Hamilto-
nian (7) has to be justied. First of all, since (7) has a non-
Hermitian part covering the decay, the resulting temporal
part of the neutral meson evolution is not normalized1, and
the corresponding probability of particle detection is not con-
served [55]. is leads to a natural question whether the evo-
lution under the non-Hermitian Hamiltonian (7) has indeed
a consistent probabilistic description. It can be demonstrated
that the decay property can be consistently incorporated by
treating decaying particles as an open system via the Gorini–
Kossakowski–Lindblad–Sudarshan (GKLS) master equation
in a larger Hilbert space H𝑀 ⊕ H𝐷 , where H𝐷 describes the
decay products [45, 55],

𝑑𝜚

𝑑𝑡
= −𝑖 [M̂, 𝜚 ] − 1

2

(
B̂†B̂𝜚 + 𝜚 B̂†B̂ − 2B̂𝜚 B̂†

)
, (8)

where 𝜚 =

(
𝜌𝑀 𝜌𝑀𝐷

𝜌
†
𝑀𝐷

𝜌𝐷

)
is a state in H, while 𝜌𝑀 = 𝜌

†
𝑀

and

𝜌𝐷 = 𝜌
†
𝐷
are its components in H𝑀 and H𝐷 , respectively.

e unitary part of neutral meson dynamics is governed by

the mass operator M̂ =

(
�̂� 0
0 0

)
acting only in H𝑀 , whereas

1 Interestingly, its possible renormalization by the decay width would cure
this problem, however, it is ruled out by the CP violation in neutral K-
mesons [46] highlighting the crucial role of fundamental discrete symme-
tries in quantum mechanics.

B̂ =

(
0 0
�̂� 0

)
with �̂� =

∑
𝑖 𝑗 𝛾𝑖 𝑗 |𝑓𝑖〉〈𝑀 𝑗 |, where {|𝑓𝑖〉} and {|𝑀 𝑗 〉}

are certain orthonormal bases in H𝐷 and H𝑀 , respectively,
are Lindblad operators describing transitions fromH𝑀 toH𝐷 ,
hence, triggering the decay. Normalizing the components of
�̂� as

∑
𝑖 𝛾

∗
𝑖 𝑗𝛾𝑖 𝑗 ′ = 𝛿 𝑗 𝑗 ′Γ𝑗 , one obtains the following decomposi-

tion of (8) with respect to H𝑀 and H𝐷 ,

𝑑𝜌𝑀 (𝑡)
𝑑𝑡

= −𝑖 [�̂�, 𝜌𝑀 (𝑡)] − 1
2 {�̂�

†�̂�, 𝜌𝑀 (𝑡)}, (9)

𝑑𝜌𝐷 (𝑡)
𝑑𝑡

= �̂�𝜌𝑀 (𝑡)�̂�†, (10)

𝑑𝜌𝑀𝐷 (𝑡)
𝑑𝑡

= −𝑖�̂�𝜌𝑀𝐷 (𝑡) −
1
2 �̂�

†�̂�𝜌𝑀𝐷 (𝑡), (11)

with Tr[𝜌𝑀 (𝑡)] + Tr[𝜌𝐷 (𝑡)] = 1 due to the total GKLS equa-
tion (8). First of all, the evolution of the o-diagonal el-
ement 𝜌𝑀𝐷 (𝑡) is independent of 𝜌𝑀 (𝑡) and 𝜌𝐷 (𝑡) and can
be ignored: in accelerator facilities, neutral mesons are pro-
duced in a certain state belonging toH𝑀 meaning that 𝜌𝐷 (𝑡 =
0) = 𝜌𝑀𝐷 (𝑡 = 0) = 0 and 𝜌𝑀𝐷 (𝑡) remains zero. More im-
portantly, the evolution of the decay counterpart 𝜌𝐷 (𝑡) is
completely dened by the evolution of the avor counterpart
𝜌𝑀 (𝑡), which, in turn, is equivalent to Schrödinger evolution
under the eective Hamiltonian (7),

𝑑𝜌𝑀 (𝑡)
𝑑𝑡

= −𝑖 [�̂�, 𝜌𝑀 (𝑡)] − 1
2 {Γ̂, 𝜌𝑀 (𝑡)}, (12)

with the decay operator Γ̂ = �̂�†�̂� =
∑
𝑖 Γ𝑖 |𝑀𝑖〉〈𝑀𝑖 |. Cru-

cially, it is proven that both decay and avor counterparts
are positive, and, moreover the evolution of the laer is com-
pletely positive [55]. ismeans that 𝜌𝑀 (𝑡) guarantees cor-
rect probabilistic description of transitions between states in
H𝑀 , and we can stick to the master equation (12) whose so-
lution denes the total evolution in H.
Violation of the CP symmetry.— When the CP symmetry

is conserved (i.e., |𝐻12 | = |𝐻21 |, the eigenstates |𝑀𝑖〉 of (7)
have well-dened (distinct) denite masses 𝑚𝑖 and known
decay widths Γ𝑖 , so that the corresponding eigenvalues read
_𝑖 = 𝑚𝑖 − 𝑖

2Γ𝑖 . For neutral mesons, there are two eigenstates
labelled by 𝑖 = 𝐿,𝐻 corresponding to “light” and “heavy”, that
have certain mass dierence Δ𝑚 =𝑚𝐻 −𝑚𝐿 and decay width
dierence2 ΔΓ = Γ𝐿 − Γ𝐻 (for neutral K-mesons, the avor
states |𝑀0/�̄�0〉 are denoted as |𝐾0/𝐾0〉, while themass eigen-
states |𝑀𝐿/𝐻 〉 correspond to |𝐾𝑆/𝐿〉meaning “short-lived” and
“long-lived”, respectively). However, when a violation of the
CP symmetry is taken into account, so that |𝐻12 | ≠ |𝐻21 |,
�̂�𝑊𝑊𝐴 is not normal since the decay and mass operators do
not commute anymore, [�̂�, Γ̂] ≠ 0, preventing existence of

2 Traditionally, in meson phenomenology, the decay width dierence is de-
ned as ΔΓ = Γ𝐻 −Γ𝐿 . However, in what follows, we focus only on neutral
K-mesons, which are known to have ΔΓ < 0. erefore, for the sake of
simplicity, we invert the denition of ΔΓ in order to operate with a posi-
tive value.
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states with both denite masses𝑚𝐻/𝐿 and decay widths Γ𝐻/𝐿
and leading to non-orthogonality of |𝑀𝐻/𝐿〉,

〈𝑀𝐻 |𝑀𝐿〉 ≡ 𝛿 ≠ 0. (13)

Neutral K-mesons are known to reveal a tiny violation of
the CP symmetry with 𝛿 ≈ 3.23 · 10−3 [56, 57]. In this
case, the highlighted problem of non-normal Hamiltonian (7)
can be overcome by treating CP violation as a perturba-
tion [58]. In this approach, instead of using non-orthogonal
eigenstates |𝐾𝐿/𝑆 〉 of �̂�𝑊𝑊𝐴, one focuses on the orthonormal
CP-eigenbasis

|𝐾1,2〉 =
1
√
2

(
|𝐾0〉 ± |𝐾0〉

)
, (14)

and treats in it both the mass �̂� and decay Γ̂ operators. e
laer, taking into account the dominant decay of neutral
mesons to two pions and assuming conservation of CPT
symmetry and absence of the CP violation in decay, is given
by

Γ̂ =

(
0 0
0 𝛾

)
, (15)

where𝛾 is therefore the dierence of the decay widths of |𝐾2〉
and |𝐾1〉. In turn, the eigenstates of the mass operator

�̂� =

(
𝑀 −<𝑀12 −𝑖=𝑀12
𝑖=𝑀12 𝑀 + <𝑀12

)
(16)

with denite masses𝑚′
𝑖 dier from the CP-eigenstates (14)

with denite decay widths as [45]

|M1〉 = 𝑖 |𝐾1〉 +
|Y |

sin(𝜙) |𝐾2〉 +𝑂 ( |Y |2), (17)

|M2〉 = −𝑖 |Y |
sin(𝜙) |𝐾1〉 + |𝐾2〉 +𝑂 ( |Y |2), (18)

where the parameters

Y = |Y |𝑒𝑖𝜙 =
=𝑀12

𝛾

2 + 𝑖Δ𝑚′ , (19)

tan(𝜙) = 2Δ𝑚′

𝛾
, (20)

characterize the CP violation [45, 59], with Δ𝑚′ = 2|𝑀12 |.
Neutral K-mesons are known to violate theCP violationwith
|Y | ≈ 2.23 · 10−3 and 𝜙 ≈ 43.5° [57].
Having properly dened the mass �̂� and decay Γ̂ opera-

tors, one can solve equation (12) for the avor counterpart

𝜌𝑀 =

(
𝜌11 𝜌12
𝜌∗12 𝜌22

)
in the CP-eigenbasis (14) perturbatively in

powers of |Y | ∝ =𝑀12,

𝜌𝑀 (𝑡) = 𝜌 (0)
𝑀

(𝑡) + |Y |𝜌 (1)
𝑀

(𝑡) + ... (21)

In what follows, we focus on the rst-order contribution of
the CP violation, i.e., linear in |Y |. Since the dierence of
massesΔ𝑚′ and decaywidths𝛾 dier from the corresponding
parameters Δ𝑚 and ΔΓ of Wigner-Weisskopf approximation
by |Y |2 [45], they can be regarded as equal in what follows. In
turn, the corresponding non-orthogonality (13) of the eigen-
states |𝐾𝐿/𝑆 〉 of �̂�𝑊𝑊𝐴 is given by 𝛿 = 2<Y.
Transition probabilities and their asymmetry.— Now we

turn to the transition probabilities for K-mesons, which can
be calculated using 𝜌𝑀 (𝑡), and their combinations that are
measured at the accelerator facilities. In particular, the KLOE
and KLOE-2 experiments by the DAΦNE Φ-factory provides
an experimental setup with low environmental eects which
is widely used to probe fundamental symmetries [42, 58, 60–
65]. erein, neutral K-mesons are produced as correlated
pairs in an antisymmetric Bell state |𝐼 〉 = 1√

2 ( |𝐾
0𝐾0〉 −

|𝐾0𝐾0〉). We are interested in combinations of probabilities
of measuring a kaon |𝐾0〉 or antikaon |𝐾0〉 at a certain time
point aer a pair of K-mesons has been produced in the state
|𝐼 〉. More precisely, given a pair of K-mesons in the state |𝐼 〉
at 𝑡 = 0, we are interested in constructing two-particle tran-
sition probabilities [66],

𝑃𝐼→𝐹1𝐹2 (𝑡1, 𝑡2) = 〈𝐹2 |𝜌𝑀 |𝐹1 (𝑡1, 𝑡2) |𝐹2〉, (22)
𝜌𝑀 |𝐹1 (𝑡1, 𝑡2 = 𝑡1) = Tr1 [( |𝐹1〉〈𝐹1 | ⊗ 1)𝜌𝑀𝑀 (𝑡1)], (23)

of obtaining outcome 𝐹1 aer measurement of the avor con-
tent (i.e., strangeness) of the rst particle at 𝑡1 > 0, and
outcome 𝐹2 aer measurement of strangeness of the sec-
ond particle at 𝑡2 > 𝑡1 > 0, with Tr1 being partial trace
over the Hilbert space of the rst particle. erein, the state
𝜌𝑀𝑀 (𝑡) ∈ L(H𝑀 ⊗H𝑀 ) of both particles evolves in time until
the strangeness of the rst particle is measured at 𝑡 = 𝑡1. If
it is found in a state |𝐹1〉 ∈ {|𝐾0〉, |𝐾0〉}}, the state of the sec-
ond particle is given by the one-particle state (23). It evolves
further until its strangeness content is measured at a later
moment of time 𝑡 = 𝑡2 > 𝑡1. In what follows, we focus on
probabilities of nding the particles in opposite avor states,
𝑃𝐼→𝐾0�̄�0 (𝑡1, 𝑡2) and 𝑃𝐼→�̄�0𝐾0 (𝑡1, 𝑡2), and their asymmetry,

A(𝑡1, 𝑡2) =
𝑃𝐼→𝐾0�̄�0 (𝑡1, 𝑡2) − 𝑃𝐼→�̄�0𝐾0 (𝑡1, 𝑡2)
𝑃𝐼→𝐾0�̄�0 (𝑡1, 𝑡2) + 𝑃𝐼→�̄�0𝐾0 (𝑡1, 𝑡2)

. (24)

Within standard quantum mechanics, a neutral K-meson
experiences a genuinely Schrödinger evolution under the
Hamiltonian �̂�𝑊𝑊𝐴, and, in turn, a pair of them evolves un-
der two-particle Hamiltonian �̂� ′ = �̂�𝑊𝑊𝐴 ⊗ 1 + 1 ⊗ �̂�𝑊𝑊𝐴,
i.e., with no further interaction between the particles aer
they have been produced in the state |𝐼 〉. Assuming that the
CPT symmetry is not conserved (hence, 𝐻11 ≠ 𝐻22), and its
violation is quantied by the complex parameter 𝑧 = 𝐻11−𝐻22

Δ𝑚+ 𝑖
2ΔΓ

,
the transition probabilities of interest are given by
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𝑃𝐼→𝐾0�̄�0/�̄�0𝐾0 (𝑡1, 𝑡2) = 𝑒−
Γ
2 (𝑡1+𝑡2)

[ 1 + |𝑧 |2
2 cosh

(ΔΓΔ𝑡
2

)
±<𝑧 sinh

(ΔΓΔ𝑡
2

)
+ 1 − |𝑧 |2

2 cos(Δ𝑚Δ𝑡) ± =𝑧 sin(Δ𝑚Δ𝑡)
]
,

where Δ𝑡 = 𝑡2 − 𝑡1 is the dierence of measurement times.
eir asymmetry (24) reads

A𝑄𝑀 (Δ𝑡) =
2<𝑧 sinh

(
ΔΓΔ𝑡
2

)
+ 2=𝑧 sin(Δ𝑚Δ𝑡)

(1 + |𝑧 |2) cosh
(
ΔΓΔ𝑡
2

)
+ (1 − |𝑧 |2) cos(Δ𝑚Δ𝑡)

,

(25)
which depends only on Δ𝑡 . It can be spoed that, if Δ𝑡 ≠ 0,
A𝑄𝑀 (Δ𝑡) is non-zero only if 𝑧 ≠ 0, i.e., the CPT symmetry
is violated in mixing. Otherwise, its conservation leads to
A𝑄𝑀 (Δ𝑡) = 0 for any 𝑡1, 𝑡2. Notice that, due to the presence of
entanglement between the particles, two-particle asymmetry
term (25) formally coincides with the asymmetry term

A
𝑠𝑖𝑛𝑔𝑙𝑒

𝑄𝑀
(Δ𝑡) = 𝑃𝐾0→𝐾0 (Δ𝑡) − 𝑃�̄�0→�̄�0 (Δ𝑡)

𝑃𝐾0→𝐾0 (Δ𝑡) + 𝑃�̄�0→�̄�0 (Δ𝑡)
, (26)

which is constructed from single-particle probabilities

𝑃𝐴→𝐵 (Δ𝑡) = |〈𝐵 |𝑈 (Δ𝑡) |𝐴〉|2 (27)

ofmeasuring a K-meson (being produced in a state |𝐴〉 at time
𝑡0) in a state |𝐵〉 at time 𝑡1 > 𝑡0 with Δ𝑡 = 𝑡1 − 𝑡0, and it is a
known witness of the CPT violation [54].

Impact of the spontaneous collapse.— We aim to investi-
gate the two-particle asymmetry term (24) under the mass-
proportional CSL model and compare it with its value (25)
given by standard quantummechanics. In turn, the time evo-
lution of the avor component (i.e., belonging to H𝑀 ) of a
quantum state is changed by adding a Lindblad term to the
master equation (12). Indeed, with included spontaneous col-
lapse eect with respect to the state vector equation (1), the
completely positive evolution of a neutral meson system is
governed by the GKLS equation

𝑑𝜌𝑀 (𝑡)
𝑑𝑡

= −𝑖 [�̂�, 𝜌𝑀 (𝑡)] − {Γ̂, 𝜌𝑀 (𝑡)} − _

2

∫
𝑑x

(
𝐴2
x𝜌𝑀 (𝑡) + 𝜌𝑀 (𝑡)𝐴2

x − 2𝐴x𝜌𝑀 (𝑡)𝐴x

)
, (28)

which describes the avor counterpart of the total dynamics
governed by the GKLS equation

𝑑𝜚 (𝑡)
𝑑𝑡

= −𝑖 [M̂, 𝜚 (𝑡)] − 1
2

(
B̂†B̂𝜚 (𝑡) + 𝜚 (𝑡)B̂†B̂ − 2B̂𝜚 (𝑡)B̂†

)
− _

2

∫
𝑑x

(
Â2

x𝜚 (𝑡) + 𝜚 (𝑡)Â2
x − 2Âx𝜚 (𝑡)Âx

)
, (29)

with Âx =

(
𝐴x 0
0 0

)
, i.e., the CSL collapse process distin-

guishes between states (17) and (18) in H𝑀 with dierent

denite masses. We assume that the CPT symmetry is con-
served (i.e., 𝐻11 = 𝐻22), whereas the CP symmetry is broken
(i.e., |𝐻12 | ≠ |𝐻21 |). Taking into account that the strength of
the CP violation |Y | in K-meson system is tiny, we calculate
the transition probabilities (22) under spontaneous collapse
dynamics solving perturbatively (28) via (21),

𝑃𝐼→𝐹1𝐹2 (𝑡1, 𝑡2) = 𝑃
(0)
𝐼→𝐹1𝐹2

(𝑡1, 𝑡2) + |Y |𝑃 (1)
𝐼→𝐹1𝐹2

(𝑡1, 𝑡2) + ... (30)

We start with the zeroth perturbative order, i.e., with the
CP-symmetry being conserved. As expected, we recover the
known two-particle probabilities reported in [24],

𝑃
(0)
𝐼→𝐾0�̄�0 (𝑡1, 𝑡2) =

𝑒−𝛾 (𝑡1+𝑡2)

4

[
cosh

(𝛾Δ𝑡
2

)
+ 𝑒− Λ

2 (𝑡1+𝑡2) cos(Δ𝑚′Δ𝑡)
]
,

𝑃
(0)
𝐼→�̄�0𝐾0 (𝑡1, 𝑡2) = 𝑃

(0)
𝐼→𝐾0�̄�0 (𝑡1, 𝑡2), (31)

where Λ = _

(2
√
𝜋𝑟𝐶 )3

(Δ𝑚′)2
𝑚2

0
≈ 3.0 · 10−46 s−1 denes addi-

tional exponential damping of the avor oscillations due to
the mass-proportional CSL model. is makes the CSL eect

on a neutral meson systemwith the conserved CP symmetry
too weak with respect to the sensitivity of the present accel-
erator facilities including the DAΦNE collider [24, 25]. More
interesting are the rst-order corrections to the probabilities,
where CP violation appears,
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𝑃
(1)
𝐼→𝐾0�̄�0 (𝑡1, 𝑡2) =

|Y |Λ 𝛾

Δ𝑚′

√︁
𝛾2 + 4(Δ𝑚′)2 𝑒−𝛾 (𝑡1+𝑡2)

((𝛾 − Λ)2 + 4(Δ𝑚′)2) ((𝛾 + Λ)2 + 4(Δ𝑚′)2)

[
4𝛾Δ𝑚′

(
sinh

(𝛾Δ𝑡
2

)
− 𝑒− Λ

2 𝑡1 sinh
(𝛾
2 𝑡2

)
cos(Δ𝑚′𝑡1)

+ 𝑒− Λ
2 𝑡2 sinh

(𝛾
2 𝑡1

)
cos(Δ𝑚′𝑡2)

)
+

(
𝛾2 − Λ2 − 4(Δ𝑚′)2

) (
𝑒−

Λ
2 (𝑡1+𝑡2) sin(Δ𝑚′Δ𝑡)

+ 𝑒− Λ
2 𝑡1 cosh

(𝛾
2 𝑡2

)
sin(Δ𝑚′𝑡1) − 𝑒−

Λ
2 𝑡2 cosh

(𝛾
2 𝑡1

)
sin(Δ𝑚′𝑡2)

]
,

𝑃
(1)
𝐼→�̄�0𝐾0 (𝑡1, 𝑡2) = −𝑃 (1)

𝐼→𝐾0�̄�0 (𝑡1, 𝑡2), (32)

0.89 0.90 0.91 0.92 0.93

-0.4

-0.2

0.0

0.2

0.4

FIG. 1. e asymmetry term (33) for the neutral kaon system, where
the measurement times are assumed as 𝑡2 ≡ 𝑡 and 𝑡1 = 1

2 𝑡 and given
in units of the lifetime 𝜏𝐿 ≈ 5.116 · 10−8 s of the long-lived state
|𝐾𝐿〉. e neutral kaon system is characterized by the dierence of
decay widths ΔΓ ≈ 1.1149 · 1010 s−1 and mass dierence Δ𝑚 ≈
0.5293 · 1010 ℏs−1 and violates the CP symmetry with parameters
𝛿 ≈ 3.23 · 10−3 and 𝜙 ≈ 43.5° [57]. Consequently, the strength of the
spontaneous collapse eect is characterized by Λ = 3.0 · 10−46s−1,
where the GRW value (3) of the CSL constant _ is considered.

e form of the rst order contribution suggests that it turns
zero when

• Λ = 0, and no collapse is presented, or

• 𝛾 = 0, i.e., the CP-eigenstates decay with the same
rate, or

• 𝑡1 = 𝑡2, i.e., Δ𝑡 = 0, so that both mesons are measured
at the same point of time.

In contrast to the predictions (25) of standard quantum me-
chanics, the transition probabilities under collapse dynamics
do not have time translation invariance anymore, i.e., they
depend not only on Δ𝑡 but the absolute times 𝑡1,2 as well since
spontaneous collapse dynamics corrupts the initial entangle-
ment of the particles. is means that the eect of sponta-
neous collapse can be in principle distinguished from a vio-
lation of the CPT symmetry. Plugging in the obtained prob-
abilities into (24), we nd

AΛ (𝑡1, 𝑡2) = |Y |
𝑃
(1)
𝐼→𝐾0�̄�0 (𝑡1, 𝑡2)

𝑃
(0)
𝐼→𝐾0�̄�0 (𝑡1, 𝑡2)

.

Taking into account that Δ𝑚′ ≈ Δ𝑚 and 𝛾 ≈ ΔΓ as well as
weakness of the spontaneous collapse rateΛ and leaving only
the terms linear in Λ, we obtain the nal expression for the
asymmetry term (24) within spontaneous collapse dynamics,

AΛ (𝑡1, 𝑡2) ≈
2𝛿 Λ

Δ𝑚 sin(𝜙)

cosh
(
ΔΓΔ𝑡
2

)
+ cos(Δ𝑚Δ𝑡)

[
sin(𝜙)

(
sinh

(ΔΓΔ𝑡
2

)
− sinh

(ΔΓ
2 𝑡2

)
cos(Δ𝑚𝑡1) + sinh

(ΔΓ
2 𝑡1

)
cos(Δ𝑚𝑡2)

)

+ cos(𝜙)
(
sin(Δ𝑚Δ𝑡) + cosh

(ΔΓ
2 𝑡2

)
sin(Δ𝑚𝑡1) − cosh

(ΔΓ
2 𝑡1

)
sin(Δ𝑚𝑡2)

)]
.

It can be seen that while increasing ΔΓ (for neutral K-
mesons, Γ𝑆 ≈ 600Γ𝐿 leading to ΔΓ ≈ 1.1149 · 1010 s−1) the
calculated asymmetry term (33) becomes signicant, rst of
all, when the avors of both mesons are measured at times
of the order of the long-lived meson lifetime 𝜏𝐿 = Γ−1

𝐿
≈

5.116 · 10−8 s (see Fig. 1). is makes neutral K-meson sys-

tem stand out from other neutral mesons whose dierences
of decay rates ΔΓ are negligible.
Conclusions.— In summary, the obtained result for the

mass-proportional CSL model shows that even tiny violation
of the CP symmetry can signicantly change the dynam-
ics of a decaying avor oscillating system under spontaneous



6

collapse. In particular, when the CP symmetry is broken, the
CSL dynamics aects an asymmetry term witnessing CPT
violation in standard quantum mechanics. is allows one
to distinguish in principle between the eects of CPT vio-
lation and spontaneous collapse. Importantly, while increas-
ing the dierence ΔΓ between the decaywidths, spontaneous
collapse eect on a neutral meson system becomes stronger.
Neutral K-mesons stand apart from other neutral meson sys-
tems because of signicant dierence of their decay widths:
the dierence of decay lengths reaches a magnitude of sev-
eral centimeters. Hence, neutral kaons could provide a suit-
able setup to observe spontaneous collapse eect in the ex-
isting accelerator facilities. is suggests a further research
of spontaneous collapse in a CP-violating avor oscillating
system, in particular, how the eect of other types of collapse
models (rst of all, gravity-related collapse models [67–73]
such as the Diósi-Penrose model) its dynamics diers from
one of the CSL model.
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