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The impact of earth’s gravity on flavor oscillations is analyzed. Earth’s gravity induces a coupling
between flavor oscillations and quarks zitterbewegung oscillations. This coupling is responsible
of the observed CP violation in the three types of experiments analyzed here: indirect violation
in the mixing, direct violation in the decay to one final state and violation in interference between
decays with and without mixing. The observable parameters associated with these experiments,
Re 𝜀, Re 𝜀′/𝜀 and 𝛽, are predicted in agreement with the experimental data. The amplitude of
the violation is linear with respect to the strength of gravity thus this new mechanism allows to
consider matter dominated cosmological evolutions providing the observed baryon asymmetry of
the universe.
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Gravity induced CP violation in K and B mixing, decays and interferences experiments J-M Rax

1. CP eigenstates and observed mass eigenstates

Since the first observation of long-lived kaons pions decays [1] complementary observables
associated with CP violation (CPV) have been measured and interpreted. The standard model (SM)
provides the canonical framework of interpretation of these experiments through the adjustment
between the Kobayashi-Maskawa (KM) [2] complex phase and the experimental values of the CPV
parameters. However this framework avoids the problem of the origin of CPV. We focus here on
the origin of the most documented and clearest experimental evidence of CPV and we demonstrate
that gravity induced CPV (GICPV) provides a new pertinent framework to understand the origin,
interpret the experiments, and predict the violation parameters Re 𝜀, Re 𝜀′/𝜀 and 𝛽 in agreement
with the experimental data [3]. The details of the demonstration can be found in [4]. The model
below is restricted to a Newtonian model of earth influence, a model with a Schwarzschild metric
gives the very same results [5]. Three types of CPV observables are considered : (i) CPV in the
mixing observed with 𝐾0/𝐾0; (ii) direct CPV in decays into one final state; (iii) CPV in interference
between decays with and without mixing in 𝐵0/𝐵0 decays [3]. A forth CPV experimental evidence
must be considered: (iv) the dominance of baryons over antibaryons in our universe [6], the new
GICPV mechanism described here opens very interesting perspectives for asymmetric baryogenesis
in the early universe as the amplitude of CPV is proportional to the strength of gravity.

Neutral mesons oscillations, such as 𝐾0 ⇌ 𝐾
0 and 𝐵0 ⇌ 𝐵

0, are very low energy oscillations
(10−6 − 10−4 eV) [7] and the typical earth’s gravity coupling parameter ℏ𝑔/𝑐 ∼ 10−23 eV is very
small, so there are no needs here to use quantum field theory to describe perturbed very low energy
quantum oscillations. The usual two states Lee-Oehme-Yang (LOY) effective Hamiltonian [8, 9]
remains a pertinent framework to set up and explore GICPV.

Consider a flavored neutral meson 𝑀0/𝑀0 (𝐾0/𝐾0 or 𝐵0/𝐵0). The meson state |𝑀 (𝜏)⟩ is a
function of the proper time 𝜏 and a linear superposition of the flavor eigenstates

��𝑀0〉 and
���𝑀0〉.

The CP eigenstates |𝑀1⟩ and |𝑀2⟩ are the normalized sum and difference of the flavor eigenstates
±𝐶𝑃

��𝑀1/2
〉
=

��𝑀1/2
〉
∼

��𝑀0〉 ± ���𝑀0〉. Without CPV these CP eigenstates
��𝑀1/2

〉
are also mass

eigenstates with eigenvalues 𝑚 ∓ 𝛿𝑚/2 and the LOY evolution is given by��𝑀1/2 (𝜏)
〉

=
��𝑀1/2

〉
exp− 𝑗 𝑐

2

ℏ

[
𝑚 ∓ 𝛿𝑚

2
− 𝑗ℏ

Γ ∓ 𝛿Γ
2𝑐2

]
𝜏. (1)

where 𝛿𝑚 > 0 is the mass splitting between the heavy and light mass eigenstates and Γ > 0, 𝛿Γ < 0
are the average and the splitting between the decay widths of the two eigenstates [7].

With the observed CPV the mass eigenstates are no longer
��𝐾1/2

〉
and

��𝐵1/2
〉

but :��𝐾𝑆/𝐿〉 = ��𝐾1/2
〉
+ 𝜀

��𝐾2/1
〉

,
��𝐵𝐿/𝐻〉 = cos 𝛽

��𝐵1/2
〉
+ 𝑗 sin 𝛽

��𝐵2/1
〉

, (2)

the long(short)-lived 𝐿(𝑆) states 𝐾𝑆/𝐿 and the heavy(light) 𝐻(𝐿) states 𝐵𝐿/𝐻 [3].

2. Perturbed mesons oscillations on earth

To explain these experimental results Eqs. (2) we have to consider the very small Newtonian
potential energy of the mesons of the order of 𝑚𝐺𝑁𝑀⊕/𝑅⊕ ∼ 10−9𝑚𝑐2. We can restrict this
coupling to the first term of the expansion of 𝑚𝐺𝑁 𝑀⊕/(𝑅⊕ + 𝑥) with respect to a vertical position
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𝑥 ≪ 𝑅⊕. In the following the vertical position operator 𝑥̂ (𝜏) describes the position fluctuations
associated with the zitterbewegung motion inherent to all, free or bound, spin 1/2 fermions like
quarks [10]. The meson state is thus described by the LOY Hamiltonian completed with gravity

𝑗ℏ𝑑 |𝑀⟩ /𝑑𝜏 = 𝑚𝑐2 𝐼̂ · |𝑀⟩ − 𝛿𝑚𝑐2 · |𝑀⟩ /2 − 𝑗ℏ𝛾̂ · |𝑀⟩ /2 + 𝑚𝑔𝑥̂ · |𝑀⟩ , (3)

where 𝑔 = 𝐺𝑁𝑀⊕/𝑅2
⊕ = 9.8𝑚/𝑠2. The three terms on the right hand side are the mass, mixing

𝛿𝑚 = 𝛿𝑚
��𝑀0〉 〈𝑀0

��� + 𝛿𝑚 ���𝑀0〉 〈
𝑀0�� (4)

and decay 𝛾̂ = Γ 𝐼̂ − 𝛿Γ𝛿𝑚/𝛿𝑚 usual operators [7], the last one describes the fluctuating potential
energy associated with vertical zitterbewegung oscillations.

The flavor eigenstates,
��𝑀0〉 and

���𝑀0〉, are diquarks bound states combined into singlet zero
spin states. Dirac spinors associated with this combination of one light quark 𝑞′ and one heavier 𝑞
are noted: |𝑞′𝑞⟩ ∼

��𝑀0〉 and
��𝑞′𝑞〉 ∼ ���𝑀0〉 . In the

��𝑀0〉 , ���𝑀0〉 Hilbert space the vertical position
operator 𝑥̂ (𝜏) is thus represented by four Dirac spinors (unknown) matrix elements ⟨| 𝑥̂ |⟩

𝑥̂ (𝜏) = ⟨𝑞′𝑞 | 𝑥̂ (𝜏) |𝑞′𝑞⟩
��𝑀0〉 〈𝑀0�� + 〈

𝑞′𝑞
�� 𝑥̂ (𝜏) ��𝑞′𝑞〉 ���𝑀0〉 〈

𝑀
0
���

+
〈
𝑞′𝑞

�� 𝑥̂ (𝜏) |𝑞′𝑞⟩ ���𝑀0〉 〈
𝑀0�� + ⟨𝑞′𝑞 | 𝑥̂ (𝜏)

��𝑞′𝑞〉 ��𝑀0〉 〈𝑀0
��� . (5)

In the quark spinors Hilbert space the position operator x̂ (𝜏) fulfils Heisenberg’s equation,
𝑗ℏ𝑑x̂/𝑑𝜏 =

[̂
x, 𝐻

(̂
x, p̂

) ]
= 𝑗ℏ𝑐𝜶, where 𝐻 is the Dirac Hamiltonian describing effective con-

finement inside the meson, we have introduced the usual 4 × 4 alpha matrices: 𝜶 =
(
𝛼𝑥 , 𝛼𝑦 , 𝛼𝑧

)
[10]. The velocity operator, 𝑑x̂/𝑑𝜏, of spin 1/2 particles/antiparticles pairs, either free or bound, is
well known to display the so called zitterbewegung behavior: a quiver (zitter) motion (bewegung),
on a length scale given by the Compton wavelength, at an instantaneous velocity equal to 𝑐 [10]. It
is important to note that the values of the instantaneous velocity matrix elements ⟨| 𝑑x̂/𝑑𝜏 |⟩ = 𝑐𝜶
are independent of the charge and mass of the fermions as well as of the shape and strength of the
effective Dirac Hamiltonian 𝐻 describing confinement; as a result of this universal behavior [4],
𝑑x̂/𝑑𝜏 = 𝑐𝜶 and Eq. (5) give

𝑑𝑥̂/𝑑𝜏 = 𝑐
��𝑀0〉 〈𝑀0

��� − 𝑐 ���𝑀0〉 〈
𝑀0�� . (6)

The meson dynamics Eq. (3) displays two time scales, a slow time scale ℏ/𝛿𝑚𝑐2 associated
with flavor oscillations, and a fast zitterbewegung time scale of the order of the Compton wavelength
divided by the velocity of light 𝜆𝐶/𝑐 ∼ ℏ/𝑚𝑐2 (ℏ/𝑚𝑐2 ∼ (10−15 − 10−13)ℏ/𝛿𝑚𝑐2). Beside this
time ordering, the inclusion of the gravity term introduces also an energy ordering. The Compton
wavelength of the meson 𝜆𝐶 provides an approximate maximum size of the matrix elements
|⟨| 𝑥̂ |⟩ | as quarks are bound states inside the volume of the meson. The small value of the energy
𝑚𝑔𝜆𝐶 = ℏ𝑔/𝑐 ∼ 10−23 eV in front of 𝛿𝑚𝑐2 ∼ 10−6 − 10−4 eV leads to the occurrence of a very
strong ordering fulfilled by the four matrix elements Eq. (5) 𝑚𝑔 |⟨| 𝑥̂ |⟩ | ∼ 𝑚𝑔𝜆𝐶 ≪ 𝛿𝑚𝑐2, in front
of the other LOY matrix elements in Eq. (3). This very strong energy ordering allows to set up a
perturbative expansion of Eq. (3) with respect to the expansion parameter ℏ𝑔/𝛿𝑚𝑐3 ∼ 10−19−10−17.
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We define |𝑁 (𝜏)⟩ and |𝑛 (𝜏)⟩ such that |𝑀 (𝜏)⟩ = |𝑁 (𝜏)⟩ exp− 𝑗 𝑚𝑐2𝜏
ℏ

+ |𝑛 (𝜏)⟩ exp− 𝑗 𝑚𝑐2𝜏
ℏ

where |𝑁⟩ ∼ 𝑂
(
ℏ𝑔/𝛿𝑚𝑐3)0 and |𝑛⟩ ∼ 𝑂

(
ℏ𝑔/𝛿𝑚𝑐3)1.

With this expansion and Eq. (3) the evolution of |𝑁⟩ and |𝑛⟩ are given by

𝑗ℏ
𝑑 |𝑁⟩
𝑑𝜏

= −𝛿𝑚𝑐
2 + 𝑗ℏ𝛾̂

2
· |𝑁⟩ , 𝑗ℏ

𝑑 |𝑛⟩
𝑑𝜏

= −𝛿𝑚𝑐
2 + 𝑗ℏ𝛾̂

2
· |𝑛⟩ + 𝑚𝑔 𝑥̂ · |𝑁⟩ . (7)

To identify the dominant secular contribution of earth’s gravity to |𝑀 (𝜏)⟩ we rewrite Eq. (7)

𝑗ℏ
𝑑 |𝑛⟩
𝑑𝜏

= −1
2

(
𝛿𝑚𝑐2 + 𝑗ℏ𝛾̂

)
· |𝑛⟩ + 2 𝑗𝑚𝑔ℏ

𝑑𝑥̂

𝑑𝜏
·
(
𝛿𝑚𝑐2 + 𝑗ℏ𝛾̂

)−1
· |𝑁⟩

−2 𝑗𝑚𝑔ℏ𝑑
[
𝑥̂ ·

(
𝛿𝑚𝑐2 + 𝑗ℏ𝛾̂

)−1
· |𝑁⟩

]
/𝑑𝜏. (8)

We are interested by the flavor dynamics taking place on the slow time scale ℏ/𝛿𝑚𝑐2, thus we
introduce 2𝜃 the period of the (unknown) fast periodic functions ⟨| 𝑥̂ (𝜏) |⟩ associated with the
zitterbewegung oscillations. This time 2𝜃 is such that ℏ/𝑚𝑐2 ∼ 𝜃 ≪ ℏ/𝛿𝑚𝑐2. We apply the
averaging operator 𝐴𝜃 ≡

∫ 𝜏+𝜃
𝜏−𝜃 𝑑𝑡/2𝜃 on both side of Eq. (8) to average out the high frequency(

𝑚𝑐2/ℏ
)
. For any low frequency

(
𝛿𝑚𝑐2/ℏ

)
function 𝑓 (𝑡): 𝐴𝜃 · 𝑓 (𝑡) = 𝑓 (𝜏) and 𝐴𝜃 · 𝑑𝑓 /𝑑𝑡 =

𝑑𝑓 /𝑑𝜏 and for any high frequency function 𝑔 (𝑡): 𝐴𝜃 · 𝑑𝑔/𝑑𝑡 = 0 . This averaging is just the
Bogolioubov-Krilov-Mitropolski method [11]. The gravity induced perturbation |𝑛 (𝜏)⟩ fullfils

𝑗ℏ
𝑑 |𝑛⟩
𝑑𝜏

= −1
2

(
𝛿𝑚𝑐2 + 𝑗ℏ𝛾̂

)
· |𝑛⟩ + 𝑗𝐺 · |𝑁⟩ , 𝐺 = 2𝑚𝑔ℏ

(
𝑑𝑥̂

𝑑𝜏

)
·
(
𝛿𝑚𝑐2 + 𝑗ℏ𝛾̂

)−1
. (9)

where 𝐺 captures the low frequency interplay between zitterbewegung and flavor oscillations.

3. Gravity induced CP violation

Flavored neutral mesons 𝐾0/𝐾0 and 𝐵0/𝐵0 display different 𝑚, 𝛿𝑚, Γ and 𝛿Γ so they must be
analyzed specifically. We introduce an index 𝐾 , or 𝐵, for these specific studies.

To interpret 𝐾0/𝐾0 indirect CPV experiments we consider first a unitary evolution with infinite
lifetimes (𝛾𝐾 = 0̂). The action of 𝐺𝐾 on the stable CP eigenstates (|𝐾1⟩ , |𝐾2⟩) is 𝐺𝐾

��𝐾2/1
〉
=

𝜅𝛿𝑚𝐾𝑐
2
��𝐾1/2

〉
, where the parameter 𝜅 = 2𝑚𝐾𝑔ℏ/𝛿𝑚2

𝐾
𝑐3 has been discussed by Fishbach forty

five years ago [12, 13]. Solving Eqs. (9) with 𝐺𝐾
��𝐾2/1

〉
= 𝜅𝛿𝑚𝐾𝑐

2
��𝐾1/2

〉
we find that the mass

eigenstates
���𝐾⊕

2/1

〉
are not

��𝐾2/1
〉
, but���𝐾⊕

2/1

〉
=
��𝐾2/1

〉
± 𝑗 𝜅

��𝐾1/2
〉

. (10)

Without decays, the impact of earth’s gravity appears as a CPT violation [7]. This result Eq. (10)
allows to calculate the gravity induced transition amplitude per unit time Ω2→1, which can be
viewed as a gravity and zitterbewegung induced regeneration rate

ℏΩ2→1 = ℏ
〈
𝑑𝐾⊕

2 /𝑑𝜏
��𝐾⊕

1 (𝜏)
〉
= 𝜅𝛿𝑚𝐾𝑐

2 exp 𝑗 (𝛿𝑚𝐾𝑐2𝜏/ℏ). (11)

This small regeneration compete with |𝐾1⟩ decay taking place at a rate Γ. The lifetime of 𝐾1 is
577 times shorter than the 𝐾2 one. Experimentally 𝐾1 and 𝐾2 are first produced together in equal
amounts. Then, after few 1/Γ decay times, the |𝐾1⟩ initial content disappears.
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A pure |𝐾2⟩ state is expected without CPV but the observed state
��𝐾𝐿 exp (𝜏)

〉
= 𝑎2 (𝜏) |𝐾2⟩ +

𝑎1 (𝜏) |𝐾1⟩ is a balance between gravity induced regeneration Eq. (11) and decay. This balance
between regeneration and irreversible decay : 𝑎2 (𝜏)Ω2→1 = 𝑎1 (𝜏) Γ/2 provides a steady-state [4]��𝐾𝐿 exp

〉
= |𝐾2⟩ + (𝛿𝑚𝐾𝑐2/ℏΓ/2)𝜅 |𝐾1⟩ . (12)

in agreement with the experimental value reported page 290 of Ref. [3] PDG 2024:

(𝛿𝑚𝐾𝑐2/ℏΓ/2) (2𝑚𝐾𝑔ℏ/𝛿𝑚2
𝐾𝑐

3) = 1.66 × 10−3, Re 𝜀 𝑃𝐷𝐺2024 = (1.66 ± 0.02) × 10−3. (13)

To interpret the measurements of the direct violation parameter 𝜀′ we consider now the 2𝜋0

decays of 𝐾𝐿 and 𝐾𝑆 . The direct CPV parameter 𝜀′ is defined from the amplitude ratio as

𝜂00 =
〈
𝜋0𝜋0��T |𝐾𝐿⟩ /

〈
𝜋0𝜋0��T |𝐾𝑆⟩ ≡ 𝜀 − 2𝜀′. (14)

This definition of 𝜂00 is invariant under a rephasing of the pions state
〈
𝜋0𝜋0

��, but not with respect
to a rephasing of the kaons mass eigenstates

��𝐾𝐿/𝑆〉. We can define a decay amplitude ratio
which is a phase-convention-independent quantity through the multiplication of 𝜂00 with the factor
𝜑𝐾 =

〈
𝐾0 |𝐾𝑆⟩ /

〈
𝐾0 |𝐾𝐿⟩, which is usually assumed equal to one under CPT conservation, but

𝜑⊕𝐾 =
〈
𝐾0 ��𝐾⊕

1
〉
/
〈
𝐾0 ��𝐾⊕

2
〉
= 1 −

〈
𝐾⊕

1
��𝐾⊕

2
〉

. (15)

The interaction between a
(
𝜋0𝜋0) state and a neutral kaon state, 𝐾0 or 𝐾0, can not differentiate the

𝐾0 from the 𝐾0 (a final state phase can be absorbed by a proper phase convention between 𝐾0 and
𝐾

0), thus the amplitude of 𝐾0 → 𝜋0𝜋0 can be taken to be equal to the amplitude of 𝐾0 → 𝜋0𝜋0.
Within the framework of GICPV the observed phase invariant amplitude ratio on earth is given by

𝜂⊕00 exp𝜑
⊕
𝐾 exp = (⟨𝐾𝑆 |𝐾𝐿⟩ /2) [1 − ⟨𝐾𝑆 |𝐾𝐿⟩] ≡ 𝜀 [1 − 2𝜀′/𝜀] . (16)

Thus GICPV gives Re (𝜀′/𝜀) in agreement with the value reported page 285 of Ref. [3]

Re (𝜀′/𝜀) = 4𝑚𝐾𝑔/Γ𝛿𝑚𝐾𝑐 = 1.66 × 10−3,Re (𝜀′/𝜀) 𝑃𝐷𝐺2024 = (1.66 ± 0.23) × 10−3. (17)

Considering now the interpretation of 𝐵0/𝐵0 CPV experiments, the action of 𝐺𝐵 on the
CP eigenstates |𝐵1⟩ and |𝐵2⟩ is given by 𝑗𝐺𝐵 |𝐵2⟩ = −𝛿𝑚𝐵𝑐2𝜍 (1 − 𝑗 𝜒) |𝐵1⟩ and 𝑗𝐺𝐵 |𝐵1⟩ =

𝛿𝑚𝐵𝑐
2𝜍 (1 + 𝑗 𝜒) |𝐵2⟩ where 𝜒 = 𝛿𝑚𝐵𝑐

2/ℏΓ𝐵 and 𝜍 = 2𝑚𝐵𝑔ℏ/𝛿𝑚2
𝐵
𝑐3 (𝜒 + 𝜒−1) [4]. This result

leads to the following mass eigenstates on earth��𝐵⊕
𝐿

〉
= |𝐵1⟩ − 𝜍 (1 + 𝑗 𝜒) |𝐵2⟩ ,

��𝐵⊕
𝐻

〉
= |𝐵2⟩ − 𝜍 (1 − 𝑗 𝜒) |𝐵1⟩ . (18)

We follow the same analysis used to interpret 𝜀′ experiments through phase-convention-independent
definitions and with these mass eigenstates (18) the angle 𝛽 in interference experiments is given by

sin 2𝛽 = sin [arctan 𝜒] = 0.61. (19)

A Belle [14] and BaBar [15] average reported in Ref. [5] gives sin 2𝛽 = 0.67 ± 0.02, onely few
percents above Eq. (19). The measurement of this angle is still one of the major subjects at the
forefront of the principal issues related to the physics of the SM.

The set of new results on GICPV presented here identify a simple origin of CPV without any
speculative assumptions on new fields. From this convergence of results, we conclude that a CKM
matrix free of CPV phase is to be considered as the core of the SM in a flat Lorentzian environment
and earth’s gravity is the origin of the measured CPV parameters Re 𝜀, Re 𝜀′/𝜀 and 𝛽. The details
of the demonstration can be found in [4].
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