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Implications of a matter-antimatter mass asymmetry in Penning-trap experiments
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The Standard Model (SM) of particle physics, being a local, unitary and Lorentz-invariant quan-
tum field theory, remains symmetric under the combined action of Charge, Parity, and Time Re-
versal (CPT) symmetry. This automatically implies that fundamental properties of particles and
antiparticles should be equal in magnitude. These fundamental tenets of the CPT principle have
been put to stringent tests in recent Penning-trap experiments, where the matter-antimatter mass
asymmetry has been measured. In light of these recent advances, we compare the bounds arising
on CPT invariance from kaon systems with those from Penning-trap experiments. Using a simple
yet powerful argument of mass decomposition of hadrons, we show that bounds on quark-antiquark
mass differences from kaon oscillations are way beyond the reach of Penning-trap experiments. We
discuss possible reformulations of our understanding of the SM in the case of a discovery of CPT
violation by these precision experiments. We find that in most cases, these extensions are quite
exotic, and require significant fine-tuning to preserve micro-causality.

Introduction. — The Standard Model (SM) of Parti-
cle Physics is a local, Lorentz invariant, Hermitian quan-
tum field theory (QFT). As explored in a series of cel-
ebrated papers [1-3], one of the fundamental tenets of
such a local, Lorentz invariant theory is the conservation
of CPT symmetry, that is, invariance under the com-
bined operations of charge conjugation, parity inversion,
and time reversal. The conservation of CPT guaran-
tees that physical properties of matter and antimatter
are related, for example, their masses should be identi-
cal, their charges, if any, should be equal and opposite.
In fact, the requirement that a Hermitian QFT is causal
automatically warrants the existence of antimatter which
should have the exact same mass of the corresponding
matter field. Therefore, a test of whether there exists a
mass asymmetry between matter and antimatter, aptly
dubbed here as the matter-antimatter mass asymmetry
(MAMA), automatically translates to a test of the sacred
principle of CPT invariance, and in turn, the foundations
of the SM.

Theoretically, a number of motivations exist for CPT
symmetry to be exact, relating the properties of matter
and antimatter. Naively, this means there should not be
an imbalance between particles and antiparticles in our
Universe. However, the baryon asymmetry of the Uni-
verse implies a matter dominated Universe. This indi-
cates that some form of asymmetry between matter and
antimatter must have been introduced through a new yet-
unknown mechanism in the early Universe. While models
of successful baryogenesis usually follow a CPT symmet-
ric approach, focusing on the Sakharov conditions [4], a
baryon asymmetry could also arise in thermal equilib-
rium in the presence of CPT violation, and baryon num-
ber violation [5]. Additionally, extensions of the SM to in-
corporate a quantum theory of gravity often induces CPT
violation [6]. Phenomenological motivations include the
search for violation of Lorentz invariance (LI), or viola-
tion of locality (L), leading to CPT violation [7-15].

Experimental tests of CPT invariance can be twofold:

testing the properties of particles and antiparticles di-
rectly, or probing the indirect impact of CPT violation
on other processes. Till date, the strongest constraint
on the conservation of CPT symmetry comes from kaon
systems, where the MAMA parameter is the difference
between the two diagonal terms of the Hamiltonian of
(K° K°) in flavor space, and is tested using the Bell-
Steinberger relation constructed under assumptions of
unitarity [16, 17]. Note that neutral kaon-antikaon oscil-
lations involve a process where strangeness is violated by
2 units at one loop, through a box-diagram (see [18], and
references therein). In such a scenario, the test of MAMA
could be more sensitive to violations of the principle of
locality, the underlying process being a loop process. On
the other hand, neutrino oscillation experiments also pro-
vide another interesting test of CPT conservation. Here,
for a given neutrino energy, and baseline of the exper-
iment, oscillation parameters (mass-squared difference,
mixing angles) are fitted separately for the neutrino and
antineutrino spectra [7, 8, 19-30]. In this case, MAMA
is measured with respect to the dispersion relation of
the propagating neutrino, and therefore, provides a more
sensitive probe of Lorentz-invariance violation [31]. For a
discussion regarding tests of non-locality using neutrino
oscillation experiments, see [32] and references therein.
In all these cases, tests of CPT conservation usually quote
the results in terms of the mass difference between the
particles and the antiparticles. It is important to em-
phasize that while the definition of the measured “mass"
may be different from experiment to experiment, these
systems can eventually be sensitive to multiple underly-
ing principles behind the breaking of CPT: non-locality,
and/or Lorentz invariance violation (LI-V).

Significant progress has also been achieved by precision
experiments in testing the tenets of the CPT principle.
The ALPHA experiment at CERN uses trapped antihy-
drogen to study its charge-neutrality [33, 34], the ratio
of gravitational mass to inertial mass [35], as well as a
measurement for the hyperfine splitting in neutral an-



tihydrogen [36]. The experiment has, hence far, shown
that the SM is consistent with CPT conservation. Similar
tests have been performed using other species of antimat-
ter such as antiprotons, which can be trapped for longer
times in Penning-traps [37]. The BASE collaboration [3§]
at CERN measures the charge-to-mass ratio (¢/m) of the
proton/antiproton by comparing the cyclotron frequency
(v.) of a single antiproton p to those of a single negatively
charged hydrogen H~ (to avoid systemic uncertainties by
having the charge different from the antiproton). This
is done using the Brown-Gabrielse invariance theorem:
v = vl +v?+ 12, where vy, v,,v_ are three eigen-
frequencies, namely, the modified cyclotron frequency,
the axial frequency and the magnetron frequency, and
v. = 1/(27)(q/m)By. The Penning-trap captures a H~
and a p produced at CERN; then by measuring the three
eigenfrequencies under a homogeneous magnetic field of
By = 1.945T, one can obtain the ratio of the proton to
antiproton’s inertial mass. Since the inertial mass is di-
rectly measured in this setup, any measurement of the
MAMA would relate directly to tests of extension of the
weak equivalence principle, such as having scalar-tensor
theories of modified gravity [11, 39].

With technology advancing in leaps and bounds, the
sensitivities of the Penning-trap experiments are ex-
pected to get even better with time. In light of these
facts, it is important to compare the bounds on CPT
arising from kaon systems, and neutrino systems, with
those from current and upcoming precision experiments.
In this letter, we present a simple yet crucial argument
relying on the mass decomposition of hadrons using the
energy momentum tensor in Quantum Chromodynam-
ics (QCD), which allows a hadron mass to be separable
into individual quark contributions, and those coming
from gluons, kinetic terms, as well as anomaly terms. To
zeroth order, this allows the MAMA in the hadron sys-
tem to be written as the mass difference between quark
and antiquarks. Using this parameterization, the ex-
isting bounds from kaon systems translates to bounds
on the mass difference between quarks and antiquarks,
which are well beyond the sensitivity of precision experi-
ments to such quark-antiquark mass differences. Similar
outcomes with regards to the differences in gravitational
forces exerted on matter and antimatter have been pre-
sented in [40]. This emphasizes that any discovery by
these precision experiments would warrant a serious re-
formulation of our understanding of QFTs in order to be
compatible with the results from the kaon systems.

Our discussion is organized as follows. In the next sec-
tion, we outline the basic framework of decomposition of
a hadron mass in QCD, and how it relates to the con-
stituent quark masses. Then, we apply it to different
systems: protons, kaons, and discuss the bounds aris-
ing on MAMA. We also compare bounds on CPT arising
from neutrino oscillations. We finally discuss the theo-
retical implications of a positive measurement of MAMA

from the Penning-trap experiments, and/or other exper-
iments, and conclude.

Hadron mass decomposition in QCD. — The
masses of hadrons in QCD are governed primarily by
the interaction amongst the constituent quarks and glu-
ons. In fact, while hadron masses have been quite well
measured experimentally, disentangling the mass contri-
butions of the individual quarks from the quark-gluon
strong interaction dynamics is still a matter of active
research. The incredible complexity of the problem
arises from the fact that at low energies, QCD is non-
perturbative, and hence one needs to resort to lattice
computations to get a clearer understanding. However,
it is possible to obtain a phenomenological decomposi-
tion of the mass of a hadron using the energy-momentum
tensor (7},,,) in QCD [41, 42]. The symmetric, conserved
energy-momentum tensor in QCD can be formally writ-
ten in Euclidean space as

1- <« 1
T,ul/ = ZQZJ’Y(M D y)w + F;LaFya - Zéul/F27 (1)

where D = 3# +1igA, and D = %u —igA,, for a
gluon field A,, and coupling g, while the () in the kinetic
term denotes symmetrization over the indices. The QCD
Hamiltonian operator can be defined through 7}, as

HQCD = —/dsl‘ T44(5L‘) . (2)

This Hamiltonian can be decomposed into four contribu-
tions, coming from the kinetic energy of the quarks, the
gluon field energy, the bare quark masses, and the QCD
anomaly respectively, given by

HQCD:HE+H9+Hm+Ha7 (3)

where

He =Y [ dab B, (4)
H, = /d?’m%(Bz - E?), (5)
H, = Z/d?)l' mqizjqwq s (6)

H, = /d% M” > mgthgtbg — ﬁig)(BQ +EY)|.(7)
q
Here ~,, is the anomalous mass dimension operator, and
B(g) is the QCD beta function. Using this decomposition,
the masses of hadrons were estimated using lattice QCD
for the first time to identify the contributions of different
components [42].

The mass of a single hadron state (M) with momentum
p can be expressed as

{plHaco|p)
(plp) ®)



From the above set of equations, it is clear that the
masses of the quarks contribute to the hadron mass dom-
inantly through the bare quark mass term in Eq. 6, and
the anomaly term in Eq.7, the remaining contributions
being from the gluon field energy. The gluon energy con-
tributions depend only on the gluon field, and does not
depend dominantly on the quarks involved. As a result,
when considering the mass difference between a hadron
(M), and its corresponding antihadron (M), the gluon
contributions can be expected to cancel out at zeroth or-
der. This mass difference should be dominated by H,,,
followed by subdominant contributions from H, and Hg.
Note that the above formalism is derived under the as-
sumption of a local and LI QFT; any violation from this
might contribute to the quantum corrections in H,. How-
ever, the arguments that follow will hold as these can be
absorbed by a rescaling of the coeflicients of H, and H,,.
Another equivalent way of stating the same is the follow-
ing: a hadron mass can be assumed to be due to a com-
bination of its bare quark masses, the gluon self-energy,
and the quantum corrections received by these terms.
The gluon self-energy term, as well as the quantum cor-
rections are, to zeroth order, independent of the different
constituent quarks of the hadron. As a result, when one
takes the difference between the mass of a hadron and
its corresponding antihadron, the difference due to the
bare quark masses are the only terms to survive. Using
the results of tests of CPT invariance, the hadron mass
decomposition can immediately be used to put very strin-
gent constraints on the mass difference between a quark
and an antiquark. This is the underlying principle of our
letter. We elaborate on this in the following section.

Comparison among the proton, the kaon and
the mneutrino sector. — The BASE collabora-
tion [38] measures the effective charge-to-mass ratio
of protons and antiprotons to obtain limits on the
mass asymmetry from their result (¢/m),/(¢/m); =
—1.000000000003(16),

mp-l’<3.><10—12. (9)
mp

Following our argument in the previous section, this
bound on mass difference can be translated onto the mass
differences in the constituent valence quarks and anti-
quarks. For estimation purpose, we consider three pa-
rameterizations of the MAMA in quarks. We define the
difference in quark-antiquark masses as d, = mg — My,
and the ratio between the quark-antiquark masses as
rq = Mg/Mmg, where ¢ = s, d, u denote valence quarks. We
can also parameterize the CPT violating term through,
a, where « is defined as m, = mo(1l + «) for particles
and mz = mo(1 — «), for antiparticles. In that case,

N Zj(sj

T 2my

mz — My
o=

. (10)

Mz + My

MAMA Proton Kaon Neutrino
132,651 (MeV)| 2.8 x 1077 [4.0 x 107°|(2.7,3.7) x 10~°
5§ (MeV) (9.3 x 107°]  trivial 2.7 x 107°
r—1 3.1 x 1071°]4.5 x 107*# (0.8,0.4)

a 1.5 x 1072/4.0 x 107*|  (0.16,0.04)

TABLE I. Theoretical limits on the different parameters of
CPT violation. |3, d;| denotes the sensitivity of MAMA for
each experiment, which is |26, + 4|, |0s — da| and (|02], |d3])
from the Penning-trap, neutral kaon oscillation and neutrino
oscillation experiments, respectively. The other quantities are
as defined in the text.

The limits of the Penning-trap system can thus be trans-
lated into |26, + d4|. Assuming 6, = g4, this trans-
lates to |§] < 9.3 x 10719 MeV. A similar estimate
can be made using the ratio parameterization, giving
|r—1] < 3.1x10719 where we have assumed r = rq = 7.
The bounds obtained are listed in Table .

The neutral kaon oscillation system offers a stronger
limit on such MAMA. The Bell-Steinberger relation [43]
allows a direct connection between the Hamiltoninan
eigenstates, and the decay amplitudes in the K° — K°
system. From this, the limits on the mass difference be-
tween the kaon and the antikaon can be expressed using
the diagonal elements of the Hamiltonian as [17]

|mgo —mgo| < 4x 1070 MeV . (11)

This can be used to set |0; — 4| in Table , and is trivially
satisfied for §; = §4. In other works, a rather engineered
way to escape stringent bounds set by the neutral kaon
oscillation experiments is to have an additional symmetry
which sets d5 (nearly) identical to 4. However, similar
to the proton system, the ratio parameterization can be
used to constrain |(ms — mg)(r — 1)] < 4 x 10716 MeV.
Clearly, the bounds arising from neutral kaon oscillation
systems are roughly seven orders of magnitude stronger
than that of the Penning-trap experiment. This is due to
a combination of the lower mass of the kaon, as well as
the stronger experimental bounds existing on this system
from tests of CPT conservation. Note that the above re-
sults should not be considered as precise calculations, but
more as estimates. What is important to note, however,
is that the naive bounds from kaon systems are orders of
magnitude above proton systems, and hence clearly set
a much more stringent bound on MAMA than what can
be possibly achieved by such Penning-trap experiments
in the foreseeable future.

While the discussion has been centered around
hadronic systems so far, it is also worthwhile to consider
the impact of CPT invariance on MAMA for the neutrino
sector. The main advantage in considering neutrinos is
that they are fundamental particles, and hence are not
plagued by the uncertainties existing in QCD. Further-
more, neutrino masses are sensitive to new physics at



higher mass scales, where it is possible to imagine that
the underlying theory might be non-local and/or LI-V.
Neutrino oscillation experiments can test CPT invariance
by its effect on the mass-squared differences [7, 8, 19—
30]. A dedicated analysis, using a combination of solar
neutrino data, and KamLAND reactor antineutrino data
gives [30, 44]

Am3, — A3, < 4.7x 107%eV?, (12)

while long-baseline, and short-baseline experiments can
set

Am3, — Am2, < 3.7x 107 %eV2. (13)

Assuming normal mass ordering, and the lightest neu-
trino to be massless (my = 0), this translates to (|dz], |d3])
in Table , where §; = m; — m;. These bounds, while
stringent, are not competitive to the kaon system to con-
strain MAMA. As a result, the bounds arising from kaon-
antikaon oscillations remain the strongest probe of such
mass asymmetry. Of course, it is crucial to remember
that these two bounds are fundamentally different: while
the kaon is a composite particle in QCD, and the lim-
its quoted in Eq. 11 offer a probe of QCD dynamics, the
neutrinos are elementary fermions and hence can offer a
clearer test of the fundamental symmetry.

Theoretical Implications of CPT wviolation. -
This brings us to an important question. In the SM and
in any extension based on QFT, we do not expect to
see a signal of MAMA from either the Penning-trap ex-
periment nor from neutrino oscillation due to the upper
bound set by kaon oscillation. However, if the current
Penning-trap experiments would observe a mass differ-
ence between protons and antiprotons, or in general, if a
nontrivial MAMA is observed in any system, what kind
of new physics could this signify? The most obvious
guess points towards violation of the CPT symmetry at
some fundamental scale. The CPT theorem states that
in any local, Lorentz invariant field theory, CPT is an
exact symmetry. Clearly, if any of the above conditions
are violated, CPT need not be an exact symmetry. In
this section, we outline some of the fascinating new di-
rections which can be explored in this context. This is
intended to serve as a scaffolding for the establishment
of new physics. Our arguments can be summarized in
Fig.1. A discovery of m # m would certainly imply vi-
olation of Lorentz invariance and/or locality violation.
This necessitates an extensions of the SM, incorporating
one or both of these tenets. Note that such extensions
usually violate micro-causality, and hence must be em-
bedded in a UV complete theory. However, for theories
from spontaneous LI violation [9] or non-local field theo-
ries [45], causality would still be stably conserved at low
energies, since the violation of micro-causality is confined
in the high energy region. This might be a way out in
case of a positive discovery without fine-tuning LI-V and

| 1 |
l 1 l

[L-vandL-C]  [LIVandL-v]  [L-Vand LIC|

[CPT-V]

FIG. 1. Flow chart for implications of a non-trivial
asymmetry between the mass of matter and antimatter
(m # m). LI/L/CPT-V(C) means that Lorentz invari-
ance/locality /CPT symmetry is violated (conserved).

Blue region: micro-causality can be conserved

L-V LI-V

FIG. 2. Both Lorentz invariant violation (LI-V) and locality
violation (L-V) will break micro-causality, however, having
both might cancel out such breaking [9, 45]

L-V contributions for the breaking of micro-causality to
cancel out, as shown in Fig. 2.

The Standard Model Extension (SME) [7, 8] aims to do
this by writing down a phenomenological set of Lorentz-
invariance violating operators. Lorentz invariance can be
broken either spontaneously [9], where some fundamen-
tal field in a Lorentz invariant theory takes a vacuum
expectation value (vev), and breaks the symmetry, or
explicitly [10], where the Lagrangian contains operators
which break this symmetry from the beginning [11]. In
many cases, note that these vanilla scenarios predict the
same charge-to-mass ratio for particles and antiparticles;
a violation of this will make the theory non-causal [46].
However, what matters is whether the low energy ob-
servables are causal, without going into the details of the
high energy theory.

The other alternative is to extend the Lagrangian such
that it becomes a non-local theory. For e.g., [12-15] con-
sidered a Lorentz invariant extension of QED, which how-
ever, has non-local operators, thereby leading to CPT-
violation. These kind of theories predict different masses
for particles and antiparticles at scales much below the
non-locality scales, and hence can have direct implica-
tions for Penning-trap like experiments. However, these
theories also suffer from non-unitarity [47], as well as



micro-causality problems, and should be viewed strictly
as an effective theory. Other possibilities which might
lead to such mass difference can arise in composite quark
theories [48]|, where different quarks pick up different
CPT phases, or in models of extra dimension like string
theory [49, 50|, or in theories of quantum gravity [51].

Conclusion. —The conservation of CPT symmetry is
a sacrosanct feature of any local, Lorentz invariant the-
ory. Experiments are underway to test this theory by
probing the charge-to-mass ratio of protons-antiprotons.
The BASE collaboration at CERN has recently measured
the proton/antiproton charge-to-mass ratio to an accu-
racy of parts per trillion. The collaboration plans to im-
prove their sensitivity further by upgrading the stability
of the magnetic field, as well as using transportable an-
tiproton traps. In this regard, it is crucial to examine
the bounds arising on similar measurements from other
experiments.

The most stringent bound on the extent of CPT viola-
tion comes from kaon-antikaon oscillation experiments.
Using a simple phenomenological modelling of hadron
masses, we have shown that the kaon bounds translate to
bounds on the CPT violation parameter that are orders
of magnitude beyond the limits from Penning-trap exper-
iments. These bounds even supersede those from neu-
trino oscillation experiments. As a result, any positive
results from Penning-trap experiments would definitely
be a smoking-gun signal for fundamental new physics.
This can either point towards a possible violation of CPT,
thereby leading to a reformulation of the basis tenets of
QFT, or a possible lack of understanding in the QCD
sector. We have laid a tentative road-map for the future
in the event of such a discovery.
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