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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 &, Re &’/¢ and B 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 K° /EO; (if) direct CPV in decays into one final state; (ii/) CPV in interference
between decays with and without mixing in B%/ EO 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 K* = EO and B = EO, are very low energy oscillations
(107% — 107* eV) [7] and the typical earth’s gravity coupling parameter 7ig/c ~ 10723 €V 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 gglore G_IOCPV. o

Consider a flavored neutral meson M°/M (K°/K or B’/B"). The meson state |M (7)) is a
function of the proper time 7 and a linear superposition of the flavor eigenstates |M 0) and |MO>
The CP eigenstates |[M;) and |M>) are the normalized sum and difference of the flavor eigenstates
+CP |M1/2> = |M1/2> ~ |M0> + ‘MO . Without CPV these CP eigenstates |M1/2> are also mass
eigenstates with eigenvalues m ¥ dm /2 and the LOY evolution is given by

2 5 CFol
M2 (7)) = |M1/2>exp—j% [m¢—m—jh 2+62

2 T. 1

where dm > 0 is the mass splitting between the heavy and light mass eigenstates and I > 0, 6" < 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 |K 1 /2> and |B 1 /2> but :

|Ks/L) = |Ki2) + |Kop) . |Brjm) = cos B|Bija) + jsinB|Bai), 2)

the long(short)-lived L(S) states K7, and the heavy(light) H(L) states By, ;g [3].

2. Perturbed mesons oscillations on earth

To explain these experimental results Egs. (2) we have to consider the very small Newtonian

potential energy of the mesons of the order of mGyMg/Rg ~ 10~"mc?. We can restrict this

coupling to the first term of the expansion of mGy Mg/(Rg + x) with respect to a vertical position
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X < Rg. In the following the vertical position operator X (7) 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

jhd M) Jdt = mc*T - |M) - émc? - M) |2 — jhy - M) ]2 + mgx - |M), (3)
where g = Gy Mg/ Ré = 9.8m/s?. The three terms on the right hand side are the mass, mixing
5m = om M) (W' + om [11°) (1 )

and decay y = I'7-6Tém /&m usual operators [7], the last one describes the fluctuating potential
energy associated with vertical zitterbewegung oscillations.

The flavor eigenstates, |M 0) and ’MO>, are diquarks bound states combined into singlet zero
spin states. Dirac spinors associated with this combination of one light quark ¢’ and one heavier ¢
are noted: |¢’g) ~ |[M°) and [¢’q) ~ |MO> . In the |M°),
operator X (7) is thus represented by four Dirac spinors (unknown) matrix elements (| x |)

MO> Hilbert space the vertical position

F(1) = @AT@ 1D M) (MO + (Tl T (0 [7a) 1) (31|
+(7'q|x (1) 19'9) ‘MO> (M%) +(q'q|x (1) [q'q) |M°) <MO‘ : (5)

In the quark spinors Hilbert space the position operator X (7) fulfils Heisenberg’s equation,
Jjhdx/dt = [i,ﬁ (X, ii)] = jhce, where H is the Dirac Hamiltonian describing effective con-
finement inside the meson, we have introduced the usual 4 X 4 alpha matrices: @ = (ay, @y, @;)
[10]. The velocity operator, dX/d, 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 ¢ [10]. It
is important to note that the values of the instantaneous velocity matrix elements (| dX/d7 |) = ca
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],
dx/dr = ca and Eq. (5) give

a5/t = c|M°) (31°| - c[m") (m°). (©)

The meson dynamics Eq. (3) displays two time scales, a slow time scale 7/dmc? associated
with flavor oscillations, and a fast zitterbewegung time scale of the order of the Compton wavelength
divided by the velocity of light Ac/c ~ fi/mc? (h/mc? ~ (1071 — 10713)71/6mc?). Beside this
time ordering, the inclusion of the gravity term introduces also an energy ordering. The Compton
wavelength of the meson A¢ provides an approximate maximum size of the matrix elements
[{|X|)| as quarks are bound states inside the volume of the meson. The small value of the energy
mgAc = hig/c ~ 10723 eV in front of mc* ~ 1076 — 107* eV leads to the occurrence of a very
strong ordering fulfilled by the four matrix elements Eq. (5) mg |{|X|)| ~ mgAc < dmc?, 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 fig /6mc> ~ 1071 -10717,
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. mc? 2
We define [N (7)) and |n (7)) such that [M (7)) = |N (7)) exp —j*5= + |n (7)) exp —j =5~
where |N) ~ O (hg/6m03)o and |n) ~ O (hg/émc3)l.
With this expansion and Eq. (3) the evolution of |N) and |n) are given by

dln) smc? + jhy

jhd|N> _ _omc® + jhy

= 5 IN), jh o > -|n) + mgx-|N). @)
To identify the dominant secular contribution of earth’s gravity to |M (7)) we rewrite Eq. (7)
d 1 [/— N dx [ — R
i ) =—= (6mc2 + jhy) |n) + 2jmgh—x . ((Smc2 +jhy) - |N)
dr 2 dr

_2jmghd [3{ (&%cz + jh?)_l : |N>] Jdr. @)

We are interested by the flavor dynamics taking place on the slow time scale %/dmc?, thus we
introduce 26 the period of the (unknown) fast periodic functions {|x (7)|) associated with the
zitterbewegung oscillations. This time 26 is such that 7i/mc? ~ 6 < #i/dmc*>. We apply the
averaging operator A g = fT T_+96 dt/26 on both side of Eq. (8) to average out the high frequency
(mc?/h). For any low frequency (6mc?/h) function f (¢): Ag- f(t) = f(r) and Ag - df/dt =
df /dt and for any high frequency function g (): Ag - dg/dt = 0 . This averaging is just the
Bogolioubov-Krilov-Mitropolski method [11]. The gravity induced perturbation |n (7)) fullfils
L d|n) 1

_ R ~ ~ dx\ [ — -l
jh =—= (6m02 +jhy) -|lny + jG - |N), G =2mgh oy, ((5mc2 +jhy) . ©)
dt 2 dr

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

3. Gravity induced CP violation

Flavored neutral mesons K° /EO and BY /EO display different m, é6m, I" and 61" so they must be
analyzed specifically. We introduce an index K, or B, for these specific studies.

To interpret K°/ EO indirect CPV experiments we consider first a unitary evolution with infinite
lifetimes (yg = 6). The action of G k on the stable CP eigenstates (|K;), |K3)) is G K |K2/1> =
kémyc? |K1 /2>, where the parameter «k = 2mggh/ 6m%<c3 has been discussed by Fishbach forty
five years ago [12, 13]. Solving Egs. (9) with éK |K2/1> = kémgc? |K1/2> we find that the mass

eigenstates ‘Kgl> are not |K»/1 ), but

‘K?/1> = [Kap1) £ jx [Kip2) - (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 €_,;, which can be
viewed as a gravity and zitterbewegung induced regeneration rate

1y = h(dK? /dt|K? (1)) = kdmkc® exp j(Smyc*/h). (11)

This small regeneration compete with |K;) decay taking place at a rate I". The lifetime of K| is
577 times shorter than the K; one. Experimentally K| and K are first produced together in equal
amounts. Then, after few 1/T" decay times, the |K;) initial content disappears.



Gravity induced CP violation in K and B mixing, decays and interferences experiments J-M Rax

A pure |K>) state is expected without CPV but the observed state |K Lexp (T)> =ay (1) |K2) +
a; (1) |K1) is a balance between gravity induced regeneration Eq. (11) and decay. This balance
between regeneration and irreversible decay : as (7) Q1 = a; (1) I'/2 provides a steady-state [4]

[KLexp) = |K2) + (Smi c?/RT/2)k K1) . (12)
in agreement with the experimental value reported page 290 of Ref. [3] PDG 2024:
(Smyc? /T [2)(2my gh/dmic) = 1.66 x 107, Re & ppGaoa = (1.66 +0.02) x 1073, (13)
To interpret the measurements of the direct violation parameter &’ we consider now the 27°
decays of Ky and K. The direct CPV parameter &’ is defined from the amplitude ratio as
mo = (x| T 1KLY [(nn°| T |Ks) = & = 267, (14

This definition of 7gg is invariant under a rephasing of the pions state (710770|, but not with respect
to a rephasing of the kaons mass eigenstates |K L/S>. We can define a decay amplitude ratio
which is a phase-convention-independent quantity through the multiplication of 7g9 with the factor
YK = (K O1Ks)/ <K 0'|Kr), which is usually assumed equal to one under CPT conservation, but

ek = (K [KT) /(K |K3) = 1= (KT [K5). (15)

The interaction between a (nono) state and a neutral kaon state, K or K , can not differentiate the
-0 .
K° from the K (a final state phase can be absorbed by a proper phase convention between K° and

EO), thus the amplitude of K — 797 can be taken to be equal to the amplitude of EO — 1070,

Within the framework of GICPV the observed phase invariant amplitude ratio on earth is given by
MooexpPx exp = ((Ks |KL) /2) [1 = (Ks [Kp)] = e [1 - 2¢/e]. (16)

Thus GICPV gives Re (¢’ /¢) in agreement with the value reported page 285 of Ref. [3]
Re (g'/g) = 4mgg/Témgc = 1.66 X 1073, Re (£/€) ppcaons = (1.66 £0.23) x 1073, (17)

Considering now the interpretation of B’ /EO CPV experiments, the action of G on the

CP eigenstates |B;) and |B,) is given by jGp|By) = —6mpc’s (1 —jy)|B))and jGg|B;) =

ompc*c (1 + Jjx) |B2) where y = Smpc? /il g and ¢ = 2m3gh/6m23c3 ()( +X‘1) [4]. This result
leads to the following mass eigenstates on earth

BY) = 1B1) =5 (1+jx)|B2),|BE) = |B2) =6 (1= jx) |B1). (18)

We follow the same analysis used to interpret &’ experiments through phase-convention-independent

definitions and with these mass eigenstates (18) the angle 8 in interference experiments is given by
sin2f = sin [arctan y] = 0.61. (19)

A Belle [14] and BaBar [15] average reported in Ref. [5] gives sin28 = 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 &, Re ¢’ /& and 8. The details
of the demonstration can be found in [4].



Gravity induced CP violation in K and B mixing, decays and interferences experiments J-M Rax

References

[1] J. H. Christenson, J. W. Cronin, V. L. Fitch, and R. Turlay, Evidence for the 27 decay of the
K9 meson, Phys. Rev. Lett. 13, 138 (1964).

[2] M. Kobayashi and T. Maskawa, CP-violation in the renormalizable theory of weak interaction,
Progress of Theoretical Physics 49, 652 (1973).

[3] P. D. Group, Review of particle physics, Phys. Rev. D 110, 030001 (2024).

[4] J. M. Rax, Gravity induced CP violation in mesons mixing, decay and interference experi-
ments, arXiv:2503 09465 (03-2025).

[5] J. M. Rax, Zitterbewegung CP violation in a Schwarzschild spacetime, arXiv 2403.07970
(03-2024).

[6] A. D. Sakharov, Violation of CP invariance, C asymmetry, and baryon asymmetry of the
universe, Pisma Zh. Eksp. Teor. Fiz. 5, 32 (1967).

[7]1 T. D. Lee, Particle physics and introduction to field theory (Harwood Academic, New york,
1981).

[8] T.D.Lee, R. Ochme, and C. N. Yang, Remarks on possible noninvariance under time reversal
and charge conjugation, Phys. Rev. 106, 340 (1957).

[9] T.T. Wu an—do C. N. Yang, Phenomenological analysis of violation of CP invariance in decay
of K¥ and K, Phys. Rev. Lett. 13, 380 (1964).

[10] J. Bjorken and S. Drell, Relativistic Quantum Mechanics (McGraw-Hill, New-York, 1964).
[11] J. M. Rax, Mecanique Analytique (Dunod Sciences-Sup, Paris, 2020).

[12] E. Fischbach, Test of general relativity at the quantum level, in Proceedings of the NATO
Advanced Study Institute on Cosmology and Gravitation, edited by P. Bergmann and V. de
Sabbata, NATO Scientific Affairs Division (Plenum Press, New york and London, 1980) pp.
359-373.

[13] G. Chardin and J. M. Rax, CP violation. a matter of (anti)gravity?, Phys. Lett. B 282, 256
(1992).

[14] I. Adachi et al. (Belle), Precise measurement of the CP violation parameter, Phys. Rev. Lett.
108, 171802 (2012).

[15] B. Aubert et al. (BaBar), Measurement of time-dependent asymmetry in decays, Phys. Rev.
D 79, 072009 (2009).



	CP eigenstates and observed mass eigenstates
	Perturbed mesons oscillations on earth
	Gravity induced CP violation

