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Deformation-induced CPT violation in entangled pairs of neutral kaons
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In this paper we consider description of kaon-antikaon interference in the context of a theory with
deformed CP7 symmetry. In the case of such theoretical models, deviations from the standard CP7
invariance is related to the momentum carried by the particles; in particular the rest masses of particles and
antiparticles are equal. We find that the decay intensity of kaon-antikaon pair has three contributing terms: the
correct-parity, the wrong-parity, and the interference between them, all of which are affected by deformation.
Using the fact that the presence of such terms was not observed we estimate, under plausible assumptions, the

magnitude of deformation parameter x 2 10'7 GeV at the LHC energy. This limit can be possibly improved
to values closer to the expected Planck mass scale k¥ > 10'® GeV using a next-generation collider with energy
larger by an order of magnitude. This raises hopes that the effect, if it exists, could be detected in future
accelerator experiments. Uncertainties of the energy measurement and time resolution are important for

accuracy of these predictions.
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I. INTRODUCTION

It was realized some time ago [1] that, contrary to what
was believed at the time, quantum gravity phenomenology
is not only feasible, but that some effects of quantum
gravitational origin can be observed using current or near-
future technologies. Today, with the advent of multi-
messenger astronomy, new observational opportunities
using astrophysical sources of high energy particles are
opening up (see [2—4] for recent reviews). Unfortunately,
there are still obstacles to the implementation of this
research program in the astrophysical realm, such as low
event statistics and poor understanding of the astrophysical
sources and the medium through which the cosmic mes-
sengers travel. It is therefore tempting to look for oppor-
tunities to observe quantum gravity-induced effects in the
realm of better controlled and offering much better statistics
terrestrial high-energy experiments.

One of the most promising theoretical frameworks
predicting possible observable effects at energies much
lower than the characteristic scale of quantum gravity, the
Planck energy k=~ 10!° GeV, is the quantum gravity

“Contact author: andrea.bevilacqua@ncbj.gov.pl
"Contact author: jerzy.kowalski-glikman @uwr.edu.pl
*Contact author: wojciech.wislicki@ncbj.gov.pl

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

2470-0010,/2024/110(1)/016011(10)

016011-1

induced Lorentz invariance violation (LIV).l For example,
a large class of LIV models predict the energy dependence
of the velocity of massless particles, an effect which might
be observable in principle [3,4,8].

Another potentially observable effect arising as a conse-
quence of quantum gravity might be possible deviations
from CP7 symmetry. According to Greenberg theorem [9]
violation of CP7 symmetry is a consequence of Lorentz
symmetry breaking and vice versa. Specifically, models of
violation of the CP7 and Lorentz symmetry invariance were
proposed in the context of extensions of the Standard Model
with electroweak interactions coupled to gravity [10], or
models of gravity with decoherence [11] at energy scale of
the Planck mass mp ~ 10 GeV.

In a recent development, deformations of CP7T
symmetry have been studied in the context of x deforma-
tions [12,13,14,15,16]. In this case we have to do with
modification of both continuous (Poincaré) and discrete
symmetries, but all of the symmetries are still present and
are not violated. The distinctive feature of the models with
deformed (as opposite to violated) CP7 symmetry is that
the deviations from the standard CP7 -invariance are
momentum dependent. In particular, the rest masses of
particles and antiparticles are equal. As a consequence the
decay rates of particles and antiparticles at rest are equal,

"This general term describes both the quantum gravity induced
manifest (spontaneous) Lorentz invariance breaking, as in the
Kostelecky model [5], and theories, in which Lorentz invariance
is deformed, like in doubly special relativity [6] or relative
locality [7].
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but they start differ for the moving ones [13,17]. Although
the size of this mismatch is tiny at energies available so far
in accelerators, and is still beyond reach of the accuracy of
detectors built at present, its quadratic dependence on
particle momenta, as well as rapidly developing acceler-
ation and detection technologies, motivate theoretical
efforts in this direction.

A natural experimental framework where such a hypoth-
esis can be examined is provided by any particle-antiparticle
system with well-controlled momenta of both particles.
When a particle-antiparticle pair is produced in an unstable
resonance decay, their total linear momentum vanishes in the
resonance rest frame. The decay products are entangled, and
quantum interference provides a sensitive tool to compare
lifetimes by measuring their decay and interference spec-
trum in their relative decay times. With this possibility in
mind, the authors of [18] proposed a parametrization of
the entangled state of two neutral kaons in the case when
CPT -symmetry is violated. In the present paper we recon-
sider the production of an entangled pair of neutral kaons in
the context of k-CP7 deformation proposed in [13,15,16].

In the following Sec. II we will recall briefly the theory
of entangled pairs of neutral kaons and its modification
proposed in [18]. Then in Sec. III we discuss how the
behavior of kaons is modified in deformed theory. Finally,
Sec. IV is devoted to a discussion of bounds on the
deformation parameter « that arise if no deformation effects
are observed.

II. ENTANGLED PAIRS OF NEUTRAL KAONS

If one considers the K°K® pair in the nondeformed
context, created in a decay of the ®°(1020) resonance with
JP€ =17~ and flying apart with momenta +p in the
center-of-mass frame of the whole system, requirements
of the Bose-Einstein statistics and conservation of the total
angular momentum provide their state to be

1

ly) 7

Expressing the state |y) in the basis of the neutral kaon
mass eigenstates |K ;)

(IK°(P)IK*(=p)) = [K°(p))|K*(=p))). (1)

1
2(1 + |e + 0P
+ (1 F 8)K%)] 2)

|Ks1) = [(1 + &+ 6)|K°)

one makes use of two experimentally measurable com-
plex parameters quantifying the CP and CP7 violation.” In
Eq. (2) the upper signs refer to K g and the lower ones to K .
The experimental value of |e| is of order 2 x 10~ and
significantly differs from zero, whereas the value of |§] is of

*We use the notation of Ref. [19].

order 10™* and is consistent with zero within one standard
deviation [19]. We neglect ¢ in further calculations. As
shown in Sec. IV, corrections due to a possible slight
difference of coefficients multiplying |Ks) and |K;) in
Eq. (2) with nonzero 6 can marginally affect only the
nondeformed part of the decay intensity, and we neglect it
in what follows.
In the basis (2) one gets an expression for |y)

lw) = N(IKL(p))Ks(=p)) = [Ks(P))|KL(=P))), (3)

where the normalization factor N depends on & and 6.

The decay rate into final states |fy()) at times #;(y is
equal to the squared transition amplitude of |y) to the final
state of both kaons

I(f1. 11 f2. 1) = [(f1. 01 fo. | H ) 2

Hereon we consider the case of identical final states |z 7z™)
for the K¢ and K; decays, which is advantageous for a
possible detection of novel, CP7 -violating effects, due to
the CP-suppression of the K; — zz~ decays. Since we
consider only decays to the specific final state z*z~, the
decay widths I' ; refer to decays of Kg; to this final state.
Writing the kaons states in terms of plane waves, after
changing variables into T = 1, + t, and At = |t; — 1,|, and
integrating over T from At to infinity, one gets

4 2 2 B
I(AI) :M [e—FLAt + e—FSAt_ze—FAtCOS(AEAt)] ,
(4)
where
fsp = (x"n"|H|Ks,) (5)

and AE = E; — Eg, ' = 1(I';, +Ts). The identity of the
final states of both kaon decays ensures that there is no
additional phase in the oscillation term in Eq. (4).

The ratio of the amplitudes in Eq. (5) is usually denoted
by n._ = f1/fs = |n+_|e” and is equal to the sum of two
parameters quantifying two mechanisms of CP violation.
The indirect, measured by &, is due to mixing of K and K°,
and the direct one, measured by ¢, is due to decays of K
and K; to states with CP = —1 and CP = +1, respec-
tively, such that ,_ = € + €. Direct CP violation is much
weaker, such that ¢ is of order 107°, but is significantly
different than zero [19]. In further considerations we omit
¢, for simplicity.

A. Entangled pairs of neutral
kaons in w-model

As it was argued by authors of Ref. [18], Lorentz
and CP7 invariance violation symmetry of quantum
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gravitational origin may lead to correction to (1). Such
correction is parametrized by a complex parameter @ and
the modified state reads

(IKO( ))IK(=p)) = [K*(p))|K°(~P)))

(IKO( ))IK(=p)) + [K°(p)) IK*(-))). (6)

-

W)o =

Sl

The complex parameter w accounts for a possible CP7
violation and its magnitude may be of the order
|w| = /(m%/Kk)/AT, where AT =T —T; and « is the
LIV parameter, presumably of order of Planck mass.
Recent experimental value of |w| is of order 10~ and is
consistent with zero [20].

Expressing the state |y) in the basis of the neutral kaon
mass eigenstates |Kg) and |K;) one gets

Using the same procedure for calculating decay intensity as
in the standard case, modified intensity I, (Ar). After
developing our formalism, in Sec. IV.B we give a com-
parison of the two-kaon decay intensity of Ref. [18] and the
one derived in the next section below.

III. ENTANGLED PAIRS OF NEUTRAL KAONS
IN x-DEFORMED FIELD THEORY

In this section we will consider theories with deformed
CPT symmetry, with deviations from the standard CPT -
invariance arising in the case of moving particles.
Specifically, in what follows we will use the theory with
k-deformation derived and discussed in details in [13,16],
but the formalism we are using can be easily extended to
more general class of deformed theories, in which one has
to do with nonlinearly modified momentum composition
and the law of momentum conservation.

A. Formalism

A two-particle state consisting of a particle and anti-
particle can be constructed from the first principles in the
framework of the x-deformed theory of scalar fields [16].

If the particle’s four-momentum amounts to p = (E, p)
then for the antiparticle it is given by its antipodal map

=S(p) = (=So(p). —S(p)), where

K2

S = —ps +
0(1’) P4 E+ps

p’ >
z—E—l-?-i-O(l/K)

Kp
S(p) = —
(p) Et o

:_p+%+0(1/;@), 8)

where p, = V> + m?.

Now let us consider two kaons produced in decay of a
$0(1020) resonance, in its centre-of-mass frame. In the
deformed theory instead of the state |y) (1) we have its
deformed counterpart

|l//>K=\}E(IKO(D)HKO(S(p)»—IKO(—S(p)»KO(—D)))
=272(IKL(=S(P)))IKL(=P)) = |KL(P))KL(S(P)))
+KL(=S(P))|Ks(=p)) = [Ks(p))[KL(S(P)))

—[Ks(=S(p)))K.(=p)) +|K.(p))|Ks(S(p)))
—~|Ks(=8(p)))|Ks(=p)) +K5(p))|Ks(S(p)).  (9)

Notice that, like in the nondeformed case, the total
spatial momentum of the two particles is zero since
p @ S(p) = S(p) ® p = 0. The energy is however always
positive, so that particles with spatial momentum p or —p
have energy E, while particles with momentum S(p) or
—S(p) have energy —Sy(p) (which is positive on-shell).
Notice also that in the mass-eigenstate representation the
terms proportional to K;K; and KgKg appear in the
deformed state (9).

We now boost the two-kaon state (9) with respect to the
centre-of-mass frame by large boost with parameter y > 1.
We boost the two-particle state as described in [21,22],
considering only terms up to first order in the 1/k
expansion. For simplicity we consider the limit of kaons
produced at rest in the centre-of-mass frame. This is

justified since % ~0.01. After the boost, both kaons are
traveling in the same direction (although with different
modulus of the spatial momentum).

In what follows all energies, widths and decay times
refer to this boosted frame. Explicit formulas for boosted
quantities are given at the end of this subsection. The
boosted state can be written as

) =2732(|K,,(=S(p))) K., (B)) — K. (P))|KL(~S(p)))
+IKL(=S(p)))[Ks(B)) ~|Ks(p))|KL(=S(p)))
~|Ks(=S(p)) S(p)))

VKL (B)) +[K.(p))|[Ks(—
) )

—|Ks(=S(p)))[Ks(D)) +|Ks(p))|Ks(~S(p)). (10)
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where the = over the spatial momenta on the rightmost
vector in each tensor product is just a notation to remind
that the deformed boost has been used [21,22]. The spatial
momenta in the arguments are the physical momenta.
Let us now consider the decays of kaons to the final
states |f;) and |f,) in times #; and t,, respectively, and
write down all partial amplitudes contributing to the overall

= (f1. 13 f2. L|H|K (-

= {f1.t1: f2. L|H|KL(P), KL.(—
= (f1. 13 f2. L|H|K(-S(p)
= (f1.11: f2. L|H|Ks(p), K1.(—
= (f1.11: f2. 2| H|Ks(=S(p)
= (f1.11: f2. L|H|K(p). Ks(—
= (f1.11: f2. | H|K (-

= (f1.t1: f2. 2| H|Ks(p), Ks(—

A — — N— A N— /-\ S—
=
—
=

In Eq. (12), E5) stand for boosted energies and I'; s
for decay widths of the K ), respectively. The quantity

¢ = p?/k accounts for the order 1/k correction to energy
due to deformation. Boosting a two-particle system in the
deformed case is, in general, quite nontrivial [21,22], so
that different {; would be needed, one for each Q;. In this
case, however, we are only interested in the first order
contribution in 1/k, and one can show that the effect of
deformation can be fully captured by the single parameter
. Indeed, the different ¢; differ by multiples of m; Am/«,
which can be safely ignored.

The two-kaon decay amplitude (11) contains terms with
the correct CP7 (we denote it by C) and wrong CP7 parity
(denoted by W). The first consists of mixed terms |Kg)|K} )
and |K;)|Ks), and the second one of terms |K;)|K;) and
[Ks)|Ks):

C=03—-04—
W=0-0,-

05+ 0Os

07+ Qs (13)
The decay intensity I = |[{f,t;;f2. t:|H|w),|> can be
then neatly expressed as intensities of the correct-CP7,
wrong-CP7, and interference between the two. After
changing variables into T =1¢, + 1, and At = |t; — 1],

< g

=
=
E

e,

—

o~ e~ o~ o~
=

= =
=
5}

decay amplitude (f}, t1; f2, t|H|p),

(fi.t1:3 /2. |Hlw),, = 01— Q2+ Q3 — Qs — Os

+ Q¢ — 07 + Qs, (11)

Fol Ky e Bt —Tet+ict p=iE =Ty b
fo|K e EutiTun o= =Tyt +ich
f2|KS>e—iELf|—FLll+i§ll e—iEstz—F.slz
K )eiEsh—Tsh gmiELh=Tyto+ich
K )eiEsh—Tshich g=iErtr=T1h

e—iELh =T 111 p=iEsty—Tsty+ilt,

e
2

<
o
>
o

—iEst|—Tst|+iCt p=iEst,—Tsty

—iEst~Tsty p=iEsh—Tstr+iCts

(12)

and integrating over 7 from At to infinity, one gets

I (A1) =|C(AN >+ |W(AN > +2R[C(AHW(AL)*].  (14)

In our further calculations we consider the case of the
same final states |z7z~) of the Ky and K; decays.
Formulas for other combinations of final states can be
derived in a similar way.

Explicit expressions for all terms of Eq. (14) read:

C(ANP = 2IFuPIFSR(1 +cos(EAn)[erfisr + o

—2¢7 T cos(AEAL)), (15)
|W<At)| = 2(1 - COS(CAt)) [|fL| e Tudr L VoL |fS| e~ TsAt
Iy L'g
) —rar
= 2R(f1./3) 21 (AE) (AEsin(AEA¢)
- fcos(AEAt))] . (16)

and
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- A
2 C(aNW (80)] = ~165in(cA1) |11, PToss) e ragp e ™
AE —TgAt

+ £5P3(f1f s)

e

+ [fLPI(fLfs)

(Tg+T)% + (AE)?
—TAr

(T, +T)sin(AEA?) + AE cos(AEA?)]

e

(T, +T)* + (AE)?
—TAt

+ £sPS(f 1S s)

Since the decay K; — ="z~ violates CP, its amplitude
is suppressed with respect to K¢ — ntz~ by a fac-
tor |e| = |fL/fs|=2x107.

B. Boosted quantities

From the phenomenological point of view, an important
feature of the x-deformation is the dependence of the
deformation-induced oscillation frequency ¢ on energy.
Since ¢ = p?/k, any effects of deformation vanish in the
particle’s rest frame. Let us thus write all the boosted
quantities explicitly in terms of y. As shown in Ref. [22],
for strong boosts and neglecting tiny effects of nonzero
transverse momenta, the arguments of the oscillating terms
in Egs. (15)—(17) transform as

(AEAt) = y>AmAt
(CAY) = y’m?At/k. (18)

Decay widths contract as T" = I'/y, decay times dilate as
' =yt and energies increase as E' = ym. Therefore the
arguments ['At of exponentials in Egs. (15)-(17) are
Lorentz-invariant.

2R[C(AW* (Ar)] = —16| f5|* sin({A) ||,

(I's + )2 + (AE)?

[(Ts +I) sin(AEA?) + AE cos(AEAT)] |, (17)

[
IV. OBSERVABILITY OF DEFORMATIONS

Having obtained explicit expressions for deformed decay
intensity, let us now turn to the question as to if the effect of
deformation could be observable.

A. Dominating terms and order
of magnitude considerations

Let us start with Egs. (15)—(17), which can be rewritten
as follows:

2
[C(An]? = T [fs* - P(1 + cos(CAr)) [e7 187 4 71540

— 2712 cos(AEATD)), (19)

4
1
(W(AN)[>=2|fs|*(1—cos(¢At)) {—"’*" e

Iy Ly
) e—fAz '
— 2|17+_| m (AESIH(AEAZ)
—I_“cos(AEAt))} , (20)
and
AE o TLAr

AE

(T, +1)% + (AE)?

+ | (Ts + 1)2 + (AE)?
—T'At
+ |’7+—|3 f
(T, +1)% + (AE)?
e—fAr
+ ||

(Cs +T)? + (AE)?

In the correct-parity term (19) one finds a common factor
|n._|> multiplying the whole expression, because in the
initial state there is always one short-lived K¢ and one
long-lived K, both decaying into the z"z~ final states,
where the first is CP-allowed and the second one is

—TyAt

(T, +T) sin(AEA? 4 @) + AE cos(AEA? + ¢)]

[(Ts 4 ) sin(AEA? + @) + AE cos(AEAL + )] | (21)

|

CP-suppressed. The wrong-parity term (20) consists of
either two K, whose decays are CP-allowed, or two K
decaying in the CP-suppressed mode. The latter ones thus
incorporate the |57, _|? factors in the amplitudes (|57, _|* in
decay widths) and the former ones are entirely favored and
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thus have no 7, _-dependent coefficients. The interference
term (21) contains coefficients proportional either to |, _|
for interference of |K; )|K ) with |K )|K ) states, or |, _|*
for interference of |K)|Ks) with |K;)|Kj).

Inspecting expressions (19)—-(21) one can see that in the
kaon rest frames, where { = 0, the terms of wrong parity
|W(A?)|?, and interference between the correct and wrong
parity terms R [C(Azr)W*(At)] disappear and reproduce the
undeformed case.

Further simplification, suitable for subsequent quantita-
tive assessments, can be done by neglecting terms propor-
tional to 1/y and keeping only those of order ~y. One thus
gets an approximation valid for large boosts y

2 0 i PIfsl* T, A | ,-TgAt
|C(At)] _#2(1 + cos(CAL))[eTLA 4 7T

— 2 T2 cos(AEAL))], (22)
2 f 14
n—|"1f
|W(AL)]? ~ % (1 = cos(¢Ar))
X |,7+_|2€—FLAI + —ze—l"sAt . (23)
|

The interference term is negligible in this approximation.

In Egs. (22) and (23) a common factor |n,_|*|fs|*/T is
put in front of the time-dependent expressions, in order to
make both terms directly comparable. It can be seen that
|W(At)[? is strongly dominated by term proportional to
e TsA" for reasons explained above, thus making it orders
of magnitude larger than this for |C(A#)|?.

B. Relation to the w-model

The decay intensity in Eq. (8) of Ref. [18] contains three
terms

L,(A7) = [(zt 7 |KS) P ICPRlL Pl + 1 + 1), (24)
where
Il(At) _ e TsAl | o= TLAl _ 9 p=(Ts+TL)A1/2 COS(AMAt)
Iy + Ty
L(Af) = |r|7ﬂ2|2 e;rs:f s
and

4 ||
4(AM)? + (305 + T, )? |it,_|
x {2AM[e7TsA sin(¢p - — Q)
— e~ sHA 2 6in(h, - — Q + AMAY)]
— (30 + T )[e % cos(gp - — Q)
— e TsHTA 2 cog(h, - — Q + AMAT)]}. (26)

Ix(At) =~

In Egs. (24)—(26) the original notation is kept where /7, _ =
1/n,_ and AM = —Am, Q stands for the phase of w, and
¢_ = —¢ for phase of 7, _.

In Eq. (25), I, (At) corresponds to the correct-parity term
|C(Af)[> (19) but does not contain the deforming factor
(1 4 cos(¢Ar)) which makes an important difference
between these two models. The I,(At) consists of a single
term proportional to e~'s whereas in the wrong-parity term
|W(At)[? (20) there are two additional terms where the one
proportional to e is strongly suppressed by |17, _|? factor.
The deforming term 1 —cos({Af) (20) modifies the
expression analogously to w?® (25). Finally, the interference
I1,(Ar) (26) corresponds to 2R[C(Ar)W*(At)] (21). Their
structures are similar but the first depends linearly on @ and
the second one on sin({Ar).

Apart from all formal similarities, the fundamental
physical difference is that in the model presented here
the CP7 violation is present only in the moving frame and
it disappears in the kaon rest frame where |y), — |w(p =
0)) forp — 0, cf. Egs. (1), (9). The w-model of Ref. [18] is
formulated for kaons at rest where the violation of CP7 is
allowed.

C. Numerical estimates of deformation

Deformed oscillations in the decay-intensity spectrum
provide new opportunities to estimate the deformation scale
k. In particular, both intensities (22) and (23) hint at what an
experimentalist should look at to find signatures of defor-
mation in the decay spectra of interfering kaons. In the
following, let us discuss two semi-quantitative approaches
to the problem, bearing in mind that complete qualitative
analyses can only be done using simulations for specific
experimental setups.

1. Frequency of the deformed oscillations

The deformation-dependent oscillations, governed by
1 + cos(¢At) factors in |C(Af)|*> and [W(At)|? terms, have
not yet been attempted to be observed experimentally. We
are not aware of any observations made with boosts high
enough to make such effects potentially visible. Let us
formulate the necessary, order-of-magnitude conditions for
such an observation without any sophisticated analysis of
the shape of the decay time intensity.

Considering an experiment with a large boost one may
expect to see an effect, provided that the deformed
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oscillations with frequency ¢ are not too slow compared to
the undeformed ones with the frequency AE. According to
Eq. (18), boosted periods of normal oscillations, amounting
to 1/AE, extend from 10'® GeV~! down to 10'° GeV~! for
the corresponding Lorentz y in the range from 10% to 10°.
For the same range of y, the boosted deformed oscillation
periods 1/¢ extend from 10" GeV~! down to 10" GeV~!.
It is thus seen that the two oscillation periods, 1/AE and
1/¢, become comparable only for large y ~ 10°, corre-
sponding to protons of an energy of 100 TeV, yet
unattainable in accelerators.

The unobservability of deformed oscillations can pro-
vide us an upper limit for . If one requires that cos({Ar)
varies very slowly compared to cos(AEA¢), which means
{ < AE, by using Eq. (18) one translates this inequality
into condition

K>y x0.5x 10" GeV. (27)

For example, using energy of 10 TeV one gets a lower limit
of at most 10'7 GeV, still located below the Planck energy
scale 10" GeV. This provides us with an exciting pos-
sibility to limit x experimentally by pushing further up
future accelerating technologies.

2. Intensity of the wrong-parity oscillations

Another way of limiting the value of deformation
parameter k may be to exploit strong amplification of
the wrong-parity term |W(At)|* due to the double CP-
favored decay of the |Ks)|K) state where each Ky decays
into the 7"z~ pair. Since |n,_|> = 0.4 x 107>, one may
expect that unobservability of the wrong-parity term
requires 1 —cos({At) to be limited from above by
ow < 107°, depending on available experimental accuracy.
Here we assume that the suppression factor oy is an order
of magnitude smaller than the amplification |57, _|? in the
wrong-parity term (23). Realistic values of oy, depend on
many factors, such as the statistical errors and overall shape
of the intensity spectrum due to the apparatus acceptance.

The requirement

1 —cos(CA?) < oy (28)
translates into a condition

3 2At
k> 2 (29)
2ﬁ/O'W

where ¢, refers to decay time in the kaon rest frame. For
y~10%, oy =107% and Af, =73 = 1.4 x 10'* GeV~!,
the condition (29) provides with a limitation x > 0.2 x
10% GeV, well above the Planck scale. Interestingly, this
limit may be much tightened from below by using smaller
boosts. It can also be lowered by using smaller decay times,

depending on the experimental time resolution. For cur-
rently available time resolutions of ¢, =45 fs [23] the
lower limit on « can be calculated from Eq. (29) by taking
yAt, = o, which gives

k> 0.2 % 10'8 GeV. (30)

Strong amplification of |W(Af)|*> (23) makes this method
potentially more efficient in detecting the wrong CP7 than
the comparison of oscillation frequencies. The |i,_|~>
factor multiplies the short-time component eTs4" in
Eq. (23) where it decreases fast with Az. This may also
be advantageous due to higher sensitivity to shape com-
pared to slowly varying component e 1247,

3. Resonant oscillations

Potentially the most stringent estimation of « is provided
at high energy when the deformed frequency ¢ becomes
equal to the normal oscillation frequency AE. According to
Eq. (18), this kind of resonance happens at y* = (Am/m?)«k.
For instance, if the deformation « is of the order of the
Planck’s mass, k ~ 10! GeV, then y* ~ 0.2 x 10°, corre-
sponding to energies 10°-10° TeV. Using condition
¢ = AE as a prediction for x one gets

k=7 %045 x 10" GeV (31)

which represents a point estimate of x, and not a lower limit,
thus demonstrating the potential power of the method.
Doing predictions for future experiments it has to be
realized, however, that the precision of the estimates (27),
(30), and (31) predominantly depends on the uncertainty of
determination of the energy E which directly propagates to
the uncertainty of the Lorentz boost y = E/m. In current
high-energy experiments, the resolution of energy or
momentum is typically at the percent level. Resolutions
in Am and m are 2 x 10~ and 3 x 1073 [19], respectively,
and can be neglected in these predictions. The uncertainty
of energy measurement thus critically affects the precision
of k and for the energy’s uncertainty 1072 one only
determines our estimates with an error of £y x 10'2. To
make this method efficient, one has to significantly
improve the accuracy of the energy measurement.

D. Experimental considerations

Asdiscussed in Sec. IV C, observability of deformation is
challenging for real high-energy experiments, both in terms
of large Lorentz boosts and the accuracy of detectors. The
condition (27) for invisibility of deformed oscillations
means that in order to approach the Planck scale one needs
boosts larger than currently available at the LHC. On the
other hand, efficient limitation (29) of k from the intensity of
the wrong-parity oscillations requires finding an optimum
between the energy, time resolution, and the size of event
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samples. The method of the resonant oscillations (31), being
in our view the cleanest and possibly the most efficient one,
still requires boosts surpassing those available at the LHC.
Precision of all methods, especially the resonant one
providing the value of x and requiring tuning of the
frequency of oscillations, would strongly profit from pos-
sible improvements in the energy measurement accuracy.
Below, we briefly discuss these issues in the context of future
accelerator and detector technologies.

The most efficient production of the ¢° resonance with a
large Lorentz boost is provided by the mechanism of
diffractive production in ultraperipheral collisions. In soft
hadron-hadron or electron-hadron interactions, the cross
section for diffractive dissociation is a fast-decreasing
function of the momentum transfer [24,25]. In such
interaction of incoming particles with momenta p; and
po, a diffractively produced hadron takes momentum
P = P1(2)Xp, Where the Feynman variable xp = p; /p is
less than 1 by a small amount. This means that in this
mechanism the produced hadron takes over the most of
energy of an incoming hadron and its boost with respect to
the laboratory system is comparable to that of the beam.
These cross sections get strongly amplified in collisions
incorporating heavy ions. In strong interactions at high
energy hadron-nucleus collision, the exchanged pomeron
couples to single quarks, so its coupling to a nucleus is
proportional to the mass number A. In case of the photo-
production in the electron-ion collision, it is proportional to
the nucleus charge Z. It is thus advantageous that in
experiments on future accelerators one collects peripheral
¢° production on heavy ions. Performing such measure-
ments requires detectors located near to the beam and
special trigger conditions but discussion of this subject lays
beyond the scope of this paper.

Plans to achieve collision energy of order 10° GeV focus
mainly on the Future Circular Collider (FCC) at CERN [26].
Studies on this project were initiated in 2019 and the start of
construction works is expected in 2033 (cf. Ref. [27]). It
plans to build a new tunnel of 100 km circumference
and is intended to operate in the hadron-hadron, electron-
electron and electron-hadron modes, with an option that
hadron stands for a heavy nucleus. For purposes of our
studies on deformed interference, the hadron-hadron
(nucleus-nucleus) mode is the most suitable due to the
largest collision energy and the largest cross section for
diffractive vector meson production.

As mentioned in Sec. IV.C. 3, the accuracy of energy
measurement directly affects the accuracy of the Lorentz y
factor which, in turn, linearly propagates into the error in
estimates of the deformation parameter x. In the ultra-
relativistic case, the determination of particle’s velocity /3
with the time-of-flight method is not suitable. Even for very
accurate measurements of time and spatial coordinates, the
steepness of y(p) for  close to ¢ propagates an error to
large values. Advancement in direct energy measurements

of high-energy particles requires new techniques in calo-
rimetry. This area of detector technologies is under detailed
scrutiny, in parallel with studies of new high-energy and
high-intensity accelerators [28]. New calorimeters, either
based on silicon or liquified noble gases, exhibit promising
time performance and spatial resolutions. Significant
improvements in energy resolution are expected with silicon
detectors, in combination with other detection techniques. A
summary of these possibilities is given, e.g., in Ref. [29]
where the best resolutions in hybrid silicon detectors are
0.1%, however reported values are on electrons and for
lower energies than needed in our measurements. A
promising possibility is provided by a small-acceptance,
hybrid forward calorimeter, in construction by the FASER
Collaboration [30], where energy resolutions of the order of

(9.2//E[GeV] ® 0.2)% are expected. For energy
10* GeV or higher it amounts to 0.2%.

V. CONCLUSIONS

In this paper, we investigated kaon interferometry in the
quantum gravity-inspired model with deformed (as
opposed to manifestly violated) continuous (Poincaré)
and discrete (CP7) symmetries. We found that in this
case the decay intensity of the kaon-antikaon pair has three
contributing terms: the right-parity, the wrong-parity, and
the interference between them, all of which are affected by
deformation. The magnitude of deviations from the pre-
dictions of the standard, undeformed, CP7 -invariant
theory is proportional to the momenta carried by kaons,
and, if real, can be in principle observed.

A distinctive feature of the approach presented in this
paper is its derivation from the concepts of noncommuta-
tive geometry and deformed conservation rules. Our
prediction for the boost-dependent violation of the CP7
symmetry was derived from the first principles. Its depend-
ence on energy and decay times provides us with a clear
prescription on how to examine this scenario on the fast-
moving technology frontiers of energy and precision.

The kaons system offers two possible observational
opportunities: one associated with an additional momen-
tum-dependent oscillation frequency, and another one
being a consequence of the emergence of a wrong parity
term, that is not allowed by the standard CP7 -invariance.
We estimate that the first method provides the bound x =
10 GeV in the case of the boost y ~ 10° (an order of
magnitude higher than that attainable with the present
accelerator techniques). The second method x > 10'® GeV,
is already close to the expected value of k, of the order of
Planck mass. The third method, potentially the most
powerful one, can predict the value of x and not its
lower limit. For y ~ 10° one gets x ~ 10! GeV, so the
Planck’s energy scale. This suggests that it is feasible
that the theory with deformed CPT -invariance might be
ruled out, or confirmed in the not-too-distant accelerator
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TABLE I. Summary of estimates for « at energies of LHC nd
FCC. The estimates 1, 2, and 3 refer to three methods described in
Sec. IV. C. The estimate 3 for LHC is not available for too low
energy to make the deformed frequency ¢ in resonance with AE.

Estimate LHC, y = 103 FCC, 7 = 10°
1 k> 0.5 % 10" GeV k> 0.5 % 10'8 GeV
2 x> 107 GeV k> 108 GeV
3 Unavailable 0.4 x 10'8 GeV

experiments [26]. However, to make these measurements
conclusive, one has to significantly improve the accuracy of
the experimental determination of particles’ boost.

Let us summarize synthetically in Table I the orders of
magnitude of estimates of k for energies of the LHC and
FCC, using three methods described in Sec. IV. C: (1) the
frequency of deformed oscillations, (2) intensity of the
wrong-parity term, and (3) resonant oscillations. We
assume that kaon boosts available for diffractively

produced ¢° amount to y = 103 and y = 10* at LHC
and FCC, respectively.

Finally, let us compare our model with the one proposed
in Ref. [18]. In the parametrization of that paper, the @
parameter, quantifying an admixture of states with an ill-
defined CP7, is found only in terms originating from the
|K;)|K;) and |Kg)|Ks) states and thus, apart from the
overall normalization, modifies only the wrong-parity and
interference terms. In our case, the x-dependent factors
influence oscillations of all terms (19)—(21), each in a
different manner. If identified directly with the factor
multiplying the wrong-parity term of the intensity (20),
the |w[*> ~ [l —cos(¢(At)] and is energy- and time-
dependent.
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