. symmetry 27

Review

Antihydrogen and Hydrogen:
Search for the Difference

Ksenia Khabarova, Artem Golovizin and Nikolay Kolachevsky



https://www.mdpi.com/journal/symmetry
https://www.scopus.com/sourceid/21100201542
https://www.mdpi.com/journal/symmetry/stats
https://www.mdpi.com
https://doi.org/10.3390/sym15081603

symmetry

Review

Antihydrogen and Hydrogen: Search for the Difference

Ksenia Khabarova 2, Artem Golovizin 1 and Nikolay Kolachevsky 1*

check for
updates

Citation: Khabarova, K.;

Golovizin, A.; Kolachevsky, N.
Antihydrogen and Hydrogen: Search
for the Difference. Symmetry 2023, 15,
1603. https://doi.org/10.3390/
sym15081603

Academic Editor: Stefano Profumo

Received: 21 July 2023
Revised: 7 August 2023
Accepted: 14 August 2023
Published: 18 August 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1 PN. Lebedev Physical Institute, Moscow 119991, Russia; k.khabarova@yandex.ru (K.K.);
artem.golovizin@gmail.com (A.G.)

Russian Quantum Center, Skolkovo, Moscow 121205, Russia

*  Correspondence: kolachevsky@lebedev.ru

Abstract: Our universe consists mainly of regular matter, while the amount of antimatter seems to be
negligible. The origin of this difference, known as the baryon asymmetry, remains undiscovered. Since
the discovery of antimatter, many experiments have been carried out to study antiparticles and to
compare matter and antimatter twins. Two of the most sensitive methods in physics, radiofrequency
and optical spectroscopy, can be efficiently used to search for the difference. The successful synthesis
and trapping of cold antihydrogen atoms opened the possibility of significantly increasing the sensi-
tivity of matter/antimatter tests. This brief review focuses on a hydrogen/antihydrogen comparison
using other independent spectroscopic measurements of single particles in traps and other simple
atomic systems like positronium. Although no significant difference is detected in today’s level of
accuracy, one can push forward the sensitivity by improving the accuracy of 1S-2S positronium
spectroscopy, spectroscopy of hyperfine transition in antihydrogen, and gravitational measurements.

Keywords: baryon asymmetry; antimatter; antihydrogen; 15-2S spectroscopy; hyperfine spectroscopy;
gravitation

PACS: 37.10.De; 37.10.Gh; 32.30.Jc

1. Introduction

At the beginning of the 20th century, precision spectroscopic measurements of hy-
drogen atoms laid the foundation for the Dirac Equation [1], which is one of the most
fundamental equations in quantum mechanics. Later, the brilliant spectroscopic experi-
ments of Lamb and Rutherford (1947) triggered the development of quantum electrody-
namics theory (QED). More and more accurate measurements of transition wavelengths
and frequencies in atomic hydrogen and other simple atomic systems stimulated further
development of QED, which today holds the position of the most accurate known theory.
The combination of precision experiments with QED calculations resulted in extremely
accurate values of the Rydberg constant, the fine structure constant «, the electron-to-proton
mass ratio m, /my, strict limitations to the drift of «, and many other results. In turn, the
development of experimental spectroscopic methods caused the breakthrough in optical
frequency measurements followed by the Nobel Prize for T.W. Hiansch and J. Hall in 2005.
Precision spectroscopy of hydrogen atoms also occupies an important practical niche—
hydrogen masers operating at the ground-state hyperfine transition (1.4 GHz) are the key
instruments of national metrology laboratories and serve as on-board clocks for GALILEO
global navigation satellites.

The discovery of the antimatter also goes back to the Dirac equation. Unexpectedly,
the unification of the mathematical principles of quantum mechanics with the principles of
special relativity resulted in the prediction of the positron. Four years later the positron
was experimentally discovered by Anderson [2]. It is reasonable to suggest, that antimatter
is the mathematical and physical twin of our regular matter and should follow the same
laws of nature. The transformation from the matter world to the world of antimatter
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can be performed by charge conjugation (C), parity transformation (P), and time reversal
(T). Accordingly, all physical processes must be invariant over the CPT-transformation.
Correspondingly, the transition from the photon epoch of the universe to matter domination
(10 thousand years after the Big Bang) should deliver equal amounts of matter and anti-
matter (leptons, hadrons, nuclei, etc.). In the 1970s, it was already clear that the observable
universe consists predominantly of matter which contradicted the idea of symmetry. The
puzzle of such a giant asymmetry, which allows our matter world to exist, is known as the
baryon asymmetry problem.

The early stratospheric experiments showed that the positron fraction in cosmic rays
does not exceed 10% [3]. The most advanced of today’s experiments for direct observation
of positrons (PAMELA [4], FERMI [5] and AMS [6] missions) confirmed that the positron
fraction is at the level of 10% in the energy range 0.1-100 GeV. Positrons can be produced in
the different nuclear processes in active astrophysical objects and reach the Earth afterward.
The presence of antimatter in the universe can be also studied by indirect measurements,
for example, by observation of the 511 keV line emitted in the annihilation process e +¢& —
2. The first observations of the 511keV line were performed already in 1969 [7]. The
full-scale mapping of the whole sky by the INTEGRAL mission excluded the existence of
powerful annihilation sources which can be identified as massive fractions of antimatter [8].

At the same time, there is a search for baryon antimatter. The first stratospheric balloon
experiments showed that the antiproton fraction in the cosmic rays is around 5 x 10~* in
10 GeV range [9]. Later, the AMS02 mission improved these results and extended the energy
range to 400 GeV [10]. Data analysis also showed a complete absence of antihelium nuclei
in cosmic rays. For the whole observation period, there were only a few candidates with
the charge of Z = —2 and a mass close to the mass of >He. One can draw the conclusion
that the primordial sources of anti-matter in the visible universe do not exist and the whole
anti-matter is of secondary origin. Accordingly, there is a common assumption, that the
dominance of matter in the universe may be caused by an unknown asymmetry of physical
laws for matter and antimatter [11]. Despite the great success of the standard model after
the Higgs boson discovery, it does not explain the symmetry violation and the difference
between matter and antimatter abundance. Probably, the violation of symmetry could
happen at extremely high energies, which are close to the scale of great unification theories.
Such energies are not accessible neither in accelerator laboratories, nor in astrophysical
objects, which do not allow an experimental search for the CPT symmetry breaking.

Another approach to searching for the violations is high-precision experiments. Due to
the extremely high accuracy and sensitivity of spectroscopic experiments, they are widely
used for measuring CP-asymmetry [12], searching for the electron EDM [13], searching
for variations of the fundamental constants [14], violations of the Lorentz symmetry [15],
searching for dark matter [16], and many others (see the review [17]). For accurate spec-
troscopic measurements one needs relatively cold atoms of anti-hydrogen which were not
available until early 2000.

In 2002, two CERN collaborations reported the successful synthesis of cold antihy-
drogen H, the atomic system consisting of a bound antiproton p, and a positron &. Finally,
researchers had a unique opportunity to compare properties of matter and antimatter by
the approved and extremely sensitive method—atomic spectroscopy. There is hope that
increasing the measurement accuracy will reveal the difference and unveil the baryon
asymmetry puzzle.

2. Positron and Anti-Proton

Before discussing anti-hydrogen production and spectroscopy measurements, one
should briefly review fundamental tests performed on its constituents, namely a positron
and an anti-proton. There are three main properties of a particle: the charge, the mass, and
the magnetic moment, which were studied over the last years in different sensitive tests.
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2.1. Charge

The equivalence of the positron’s and the electron’s charge directly follows from the
annihilation reaction et + e~ — 2. Being of electromagnetic nature, the y-quants are
electrically neutral which must prove that e~ and e charges (g, and g, respectively) are
identical in modulo. To our knowledge, there were no dedicated experiments aimed at
the comparison of g, and gz. Some conclusions were made in the work [18], where the
Rydbergs in positronium and hydrogen were compared. The authors derived that the
charge ratio is restricted by g./g; — 1 = 1(4) x 1078,

The equivalence of the electron and the proton charges was tested in a number of
different experiments using neutral matter. In this case, the equivalence of charges becomes
a more sophisticated question because the electron and the proton belong to different types
of particles—leptons and baryons. The most stringent limit of €,—, = |ge + g,/ |g¢| < 102!
was obtained experimentally by acoustic technique [19].

2.2. Mass

Precision radiofrequency measurements of particles loaded in the Penning trap al-
low for accurate measurements of the charge-to-mass ratio. The recent results on the
proton/antiproton charge-to-mass ratios with the fractional uncertainty of 1.6 x 10711
were reported in [20]. This result —(q,/mp)/(q5/mp) — 1 = 3(16) x 10712 significantly
improves the measurements performed by different groups (e.g., [21]) being the most
stringent limitation for today.

The most accurate measurement of the antiproton-to-electron mass ratio is performed
using two-photon spectroscopy of antiprotonic helium [22]. The experimental result gives
mp/me, = 1836.1526736(23) which agrees within uncertainty with the proton-to-electron
mass ratio my/m, = 1836.15267343(11) from CODATA [23]. Thus, the feasible differ-
ence between the antiproton and the proton mass is limited by (mj/m.)/(m,/me) —1 =
mp/my, —1=0.1(12) x 107°.

Some conclusions about the positron and the electron masses can be made from
experiments in the Penning trap where the charge-to-mass ratio of particles can be
derived from the comparison of cyclotron frequencies. The result derived in [24] of
(ge/me)/(gz/mz) —1 < 1.3 x 1077 is based on the experimental results of P.B. Schwinberg
et al. [25]. To our knowledge, it is the most stringent restriction even today. Other ex-
periments aimed at direct comparison of the electron and positron masses are much less
accurate (see. e.g., [26]).

2.3. Magnetic Moment

The magnetic moment of a particle is given by ji = g(q/ 2m)S, where g is the particle’s
g-factor, g and m are the charge and the mass, correspondingly, and S is the spin angular
momentum. For the Dirac particles S = 71/2.

For leptons (in our case ¢~ and ¢), the g-factor can be calculated with very high accuracy
using the framework of quantum electrodynamics. According to [27], the theoretical value
equals —gtheo = glheo — 2 % 1,00115965218161(24) with the uncertainty of 2.4 x 1013 in rel-
ative units. The experimental value of electron’s g-factor —gz'F = 2 x 1.00115965218059(13)
(1.3 x 10713) was obtained from spectroscopy of quantum jumps between the quantum
energy levels of one electron suspended in a Penning trap [28]. The positron was character-
ized with a similar technique although with lower accuracy g5/ = 2 x 1.0011596521879(43)
(4.3 x 10712) [29]. The same experiments allowed putting the most stringent constriction for
the electron-to-positron g-factor ratio of |¢z'" /g5 ' | — 1 = 0.5(2.1) x 10~'2. The reduction
of relative uncertainty is related to common systematic effects for electrons and positrons
alternatively loaded in the same trap [29]. The theoretical prediction is also consistent with
both experimental results within corresponding uncertainties.

Due to the complex nature of the proton and anti-proton, their g-factors cannot be
predicted with a reasonable accuracy. From the experimental side, spectroscopy in Penning
traps gives impressive results, although it is much more difficult compared to electrons
due to higher particle mass. Accurate experiments with protons made by G. Gabrielse’s
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group [30] paved the way for high-precision proton and antiproton spectroscopy. The
accurate measurement of the proton magnetic moment 1,/ un = gp/2 = 2.792847350(9)
(3.3 x 1077 in relative units) was reported in 2014 [31] which was further improved in 2017
up to pp/pN = 2.79284734462(82) (3 x 101%) [32]. The antiproton magnetic moment was
also measured with high accuracy and is equal to p/pun = gp/2 = —2.7928473441(42)
(1.5 x 107%) [33]. There is no significant difference between g-factors of proton and anti-
proton down to the uncertainty of (—g,/g5) —1 = 0.2(1.5) x 107°.

The results of electron/positron and proton/antiproton comparisons are summarized
in Table 1.

Table 1. Experimental tests of electron-to-positron (e — €) and proton-to-antiproton (p — p) symmetry.
Known most sensitive comparisons of mass (M), charge (9) and g-factors are given with 1 uncertainty
(68% confidence level).

| Parameter | —1 Restriction References

qp/qe <10~ [19]
qe/ qe 4x10°8 [18]
qp/qe 7.1 x 10710 [34]

(ge/me)/ (ge/ me) 1.3 x 1077 [25]

(qp/mp)/(qp/mp) 1.6 x 10711 [20]
me/ Mz 1.4 x 107 [18,25]
My, /mp 12x 1077 [22,23]
8e/8e 2.1 x 10712 [29]
Sp/8p 15x 1077 [33]

3. Laser Spectroscopy
3.1. Positronium

Spectroscopy remains one of the most powerful tools for precision measurements
which can potentially reveal violations of fundamental theories [17] or discover new sub-
stances [35,36]. Pioneering experiments of measuring the 15-2S transition in positronium
(Ps) [37] showed already in 1984, that accurate laser measurements can be performed on
anti-matter. Despite the short natural lifetime of ortho-Ps (142 ns), the 15-2S frequency
uncertainty reached 9 x 10~ (in relative units). The result was improved later by a factor
of 3 down to 2.6 x 10~ [38]. Positronium, being a purely leptonic system, is one of the
cornerstones for an accurate bound-state QED test. QED calculations of the 1S-25 frequency
give the uncertainty of 5 x 10717 [39], which competes with the uncertainty of the electron’s
magnetic moment calculations. Theory and experiment well match each other (within
two standard deviations) which allows testing QED corrections up to the order of ma®.
There are ongoing efforts to improve the experimental results of Ps spectroscopy [40,41],
including 15-2S frequency interval [42].

Alternatively, Ps spectroscopy can be used for searching the matter-antimatter asym-
metry as shown in [18]. The energy scale for a two-particle system is given by the Ryd-
berg constant

_ meies
21
where y = mymy/(my + my) is the reduced mass of the two particles with masses m,, 1y
and charges e; and e;, respectively. It is convenient to introduce the reduced Rydberg Ry as
the ratio of (1) to the Rydberg for an atom with the infinite proton mass (1 = m,, my = oo,
e] = ey = q,). For positronium we will get

M

_ 2
Ry(ps) = LT @
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Combining this equation together with the independent measurements of electron/positron
cyclotron frequencies (Table 1, [25]), one can either set a restriction to g:/q. or to mz/m,
similar to [18]. E.g., for gs/ge the restriction turns out to be equal to 3 x 10~7 with the
dominating contribution of the cyclotron frequency comparison uncertainty (approximately
L th of it). This is very similar to the result published in [18], because the electron/positron
cyclotron measurements were not improved since that. The limitation for the m;/m,
can be obtained similarly and its uncertainty approaches % th of the cyclotron frequency
comparison uncertainty. If one assumes the strict electron/positron charge equivalence, the
restriction to the mass ratio becomes as strong as for Ry(Ps) or 3 x 10~ in relative units.

One can see that 15-2S spectroscopy in Ps basically tests the equivalence of Ryd-
bergs (or the electron/positron rest energy mc? multiplied by the squared electromagnetic
coupling constant a?) in matter and anti-matter worlds.

Taking into account that the electron magnetic moment is given by the QED series

pe/up =14 Co(a/7) + Cyla/7)> + ..., 3)

with the leading correction of Cp(a/71) = «/27, one can use the results from Table 1 to
compare the fine structure constants for matter () and anti-matter (&). The corresponding
restriction is |#/a — 1| < 1.8 x 10~%, which is 27ta~! ~ 860 times larger than for the mea-
sured giromagnetic factor’s ratio g;/g. [29]. Since a = ¢?/fic we obtain the corresponding
restriction to the charge ratio of

| —qs/qe— 1] <9 x 10719, 4)

which is about 50 times more strict compared to the one from [18] (Table 1). Now, using (2)
and the best result for Ps 1S-2S spectroscopy [38] one can also improve the restriction for
mg/ m, for the factor of 20 down to

lms/me —1| <7 x1077. (5)

There is ongoing work to improve the accuracy of the 15-25 frequency measurement in
positronium by one order of magnitude [42]. One of the main goals is to check the positron-
to-electron mass equality on the new level of sensitivity. Still, due to the short lifetime of Ps,
it is hard to expect many-digit improvement. A long-term dream of scientists has been the
comparison of transition frequencies in hydrogen and anti-hydrogen. It became possible
only after the successful synthesis and trapping of cold anti-hydrogen atoms.

3.2. Antihydrogen, 15-25

The first high-energy antihydrogen atoms were obtained in 1996 in relativistic colli-
sions [43]. It took several decades to produce, trap, and cool antihydrogen atoms for direct
comparison of matter and antimatter “twins”. Effective cold anti-hydrogen production
was realized at CERN in around 2010 by two groups, by mixing decelerated anti-protons
and positrons in the Penning trap at 4 K [44—46]. It was demonstrated later that antihydro-
gen atoms can be magnetically trapped in the ground state for more than 1000 s using a
magnetic bottle combined with an ion Penning trap.

The magnetic trapping of cold ground-state antihydrogen (see Figure 1) paved the
way for precision spectroscopy experiments using similar laser techniques as for the regular
hydrogen [47]. The narrow-line radiation of frequency-stabilized laser at 243 nm was used
for two-photon excitation of the 15-2S transition in trapped antihydrogen. The atoms in the
1S ground state (F = 1 mp = +1, one of the two trappable states) were exposed by a 300's
laser pulse at the fixed frequency. Frequency-dependent excitation efficiency of the 25 state
was extracted from the number of excited and surviving atoms in the ground state after
the laser pulse. The spectral line was fitted by the elaborated line shape which allowed
extracting the line center frequency corresponding to the trap magnetic field. There were
two successful measurement runs at CERN, and the results were published in 2017 [48]
and 2018 [49] with the uncertainty reduced by two orders of magnitude compared to the
first one. Precision 243 nm two-photon spectroscopy allowed to measure the frequency of
the 1S(F =1, mp = +1) — 2S(F = 1, mp = +1) transition of
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fis_2s(H) = 2466061103079.4(5.4) kHz (6)

in the magnetic field of 1.03285(53) T (the minimum field in the magnetic bottle). The
dominating uncertainty contributions are the modeling (the lineshape, the magnetic field
distribution, the Stark shift, etc.) and the statistics.

2
N —_—
5 /
%o
~N
E — 25, _—
24— 25
— 25,
L — 25y L
S~ — 15, f(2Sd)-f(1Sq) fis-2s >~
— 1S5,
— 1S5,
27 — 154 —
N
5 o fHrFs
i)
-2 T T T T T T
0.00 0.02 0.04 0.06 0.08 0.10

B, T

Figure 1. 1S and 2S levels energy in H (H) in external magnetic field. Atoms in states with indexes
“c” and “d” can be confined in a magnetic trap. Commonly used transitions for optical two-photon
15-2S and microwave hyperfine structure spectroscopy are shown.

Correcting the unperturbed 15-2S transition frequency in regular hydrogen [47] by
the hyperfine and the Zeeman shifts one obtains the frequency of

fis-as(H) = 2466061103080.3(0.6) kHz @)

corresponding to the same experimental conditions as for antihydrogen (the magnetic field
distribution). The uncertainty of (7) results from the magnetic field characterization. Let
us remind the reader that the 15-2S frequency was accurately measured with the relative
uncertainty of 4 x 10715 (or 11 Hz in absolute units) [47,50] by two-photon spectroscopy on
the cold atomic beam of H. Compared to the antihydrogen, it is approximately 500 times
more accurate, which will stimulate research for further improvement of antihydrogen
spectroscopy.

The two frequencies (6) and (7) are consistent within the combined experimental
uncertainty of 2 x 10712 which indicates the high identity of hydrogen and antihydrogen.
According to [18], comparison of these frequencies allows for setting the restriction to the
Rydberg’s ratio of antihydrogen and hydrogen similar to (2)

= ) G =GV e

taking into account that my (m)/m.(mz) ~ 1837, while the known uncertainties of corre-
sponding mass ratios are nearly equivalent (on the order of 10~7). All the ratios contributing
to the right side are measured in the other independent measurements with the uncer-
tainties also on the order of 10~°. The question is which of the restrictions can be further
improved using antihydrogen spectroscopy, taking into account that Ry(H) differs from
the unit by only 2 x 10712,

One can combine results of optical spectroscopy in positronium and anti-hydrogen (2)
and (8) excluding the positron-to-electron charge ratio:

gg((fsg - (ggﬂ)(gz)? )
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The restriction to the anti-proton-to-proton charge ratio g5/4, can be derived from
the combination of the results from Table 1 (the first part) and Equation (4). Combining
independent experiments on regular matter [19] and anti-hydrogen neutrality [34] together
with measurement of the positron g-factor [29] one gets | — g5/q, — 1| < 1.1 x 10~°.
Using the regular error penetration, one can get from (9) the restriction for the electron-
to-positron mass ratio of 7.4 x 10~? which is basically the same as from (5). It is clear,
that without improvement of the charge ratios, further progress in antihydrogen 15-25
spectroscopy cannot bring a significant contribution to the electron-to-positron mass ratio.
On the other hand, the antihydrogen 15-2S spectroscopy, being the completely independent
measurement, brings additional confidence to this result. The numbers given in our analysis
are very close to the recently published compilation [51], where the limitation is 8 x 10~°.

One can refuse the model-independent approach and assume that there are no viola-
tions in the electromagnetic sector. The nuclear effects contribute to the 15-2S frequency in
anti-hydrogen via charge distribution of the proton. The energy of hydrogen atomic level
can be written as:

1 e Cns 2
Enlj = Ry(— ﬁ+fnlj(“, m7p1> + n73510<rp>>’ (10)

where 1, I, j are the quantum numbers, () is the charge radius and Cys is a constant [52].
Assuming that matter/anti-matter violation can be buried exclusively in (r,), one can
deduce the limitation from antihydrogen spectroscopy.

According to [52], the size of the charge radius contribution to the 15-2S frequency
equals 1.3684(r,)?> MHz, where (r,) is measured in fm. The proton charge radius itself
equals (rp) = 0.84184(36)(56) fm as measured in [53]. Corresponding contribution to the
1S-2S frequency equals 0.96 MHz or 4 x 10710 of the 1S-2S frequency (8). One can set a
limit to the antiproton-to-proton charge radius ratio of |(rp) /(rp)/ — 1| < 2.5 x 107>. Note,
that the proton charge “puzzle” is on the level of 1% [53] which indicates that antiproton
and proton are very identical at that level of uncertainty for the absolute value.

The anticipated improvements of anti-hydrogen 15-2S spectroscopy are expected in
the coming years, which will be achieved by better statistics (ELENA anti-matter factory
at CERN) and laser cooling of anti-hydrogen [54]. Even achieving the accuracy of regular
hydrogen of 10~ these experiments, being really on the very edge of modern physics,
will only moderately contribute to the matter-anti-matter symmetry problem.

3.3. Antihydrogen, Hyperfine and the Lamb Shift

As discussed above, the Coulomb interaction contributes to many orders of magnitude
to the 15-2S energy splitting and all other effects remain small at that level. By choosing
other atomic levels one can increase their weight where violations may be more probable.
One of the prominent candidates is the ground-state hyperfine (HFS) transition (see Figure 1)
at 1.42GHz. The present accuracy of ground state HFS in regular H is at 1mHz, or
7 x 10713 in relative frequency units [55]. At the same time, the best measurement in
antihydrogen [56] achieved the uncertainty of 0.5 MHz (4 x 10~%), which was limited by the
stability of the magnetic field of the trap. HFS comes from the magnetic interaction of e (&)
with p (p), which are equivalent to 3.6 x 10~ level (see g-factor ratios in Table 1). Meantime,
the finite size effects (the finite electric and the magnetic radii, the recoil corrections, and the
polarizability of p (f)) contribute at ~33 ppm level [57]. Hence, p hyperfine spectroscopy
at ppm level should provide a comparison of Zemach radii of p () at a few percent level.

The Lamb shift measurement in antihydrogen in combination with the 15-2S transi-
tion can provide independent information about the antiproton charge radius (similar to
hydrogen [58]). It is worth noting that to determine antiproton charge radius with 10%
accuracy one needs the Lamb shift measurements at ~30 ppm level, which is far from a
near-future capability.
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4. Gravitational Tests

Gravitation interaction can also cause matter/anti-matter symmetry breaking. Being
the weakest among all four fundamental interactions, it is the one that is the most difficult
to test in the laboratory since no bulk anti-matter is available. Similarly, there are no
known anti-matter objects in space, which limits the possibility to get information from
astrophysical observations.

It is known that the dominating contribution to the mass of baryonic matter (e.g.,
proton) arises from quark and gluon dynamics, while the quark masses themselves con-
tribute to only 1% of the mass [59]. One can argue that based on this model, matter and
anti-matter masses must have similar nature to 99% and Eotvos experiments aimed at
testing the Einstein equivalent principle do significantly contribute to the matter/anti-
matter gravity problem [60-62]. According to their analysis, the authors infer that any
observable gravivector acceleration of antimatter is less than 2 x 107 g, where g is a free
fall acceleration.

Another interesting observation follows from the 15-2S spectroscopy in hydrogen/anti-
hydrogen concerning the gravitational redshift. The frequency shift Af in the gravitational
potential difference AU is given by Af/f = AU/c?. Relative to the zero potential in the
infinity, the Earth’s gravitational potential on the surface equals AUE /c? = 6.5 x 10~ 1. The
sun’s potential is 15 times larger AlUs/c? = 1 x 108, Knowing, that the 15-2S frequencies
in hydrogen and anti-hydrogen are equivalent to 2 x 10712, this spectroscopy experiment
tests the gravitational redshift for matter and anti-matter to the level of 2 x 10~%. Note, that
the most accurate test of the gravitational redshift prediction from general relativity is at
2.5 x 1072 level [63].

Direct measurements of matter/anti-matter gravitational interaction are extremely dif-
ficult. Charged particles can not be used because of the strong influence of electromagnetic
forces. “Weighting” of the neutral anti-hydrogen seems to be the most straightforward way,
but technical difficulties are huge because even at 4K, the thermal velocity of antihydrogen
is around 300m/s.

In 2013, the ALPHA collaboration managed to deduce the upper limit for antihydrogen
mass by analyzing particle dynamics after releasing them from the trap [64]. The derived
upper limit for the antihydrogen gravitational mass is 75 of the inertial mass. Being a very
important step forward to “weighting” of anti-hydrogen, this restriction can not contribute
to the problem of symmetry breaking.

There are several experiments aimed at precise measurement of anti-hydrogen gravi-
tation which requires very cold atoms. GBAR collaboration works on sympathetic cooling
of positively charged antihydrogen (p + 2¢) down to 10 uK which must drastically increase
the sensitivity to gravitation acceleration measurements [65]. The ongoing ALPHA-g ex-
periment at CERN targets a similar purpose [66]. Hopefully, these challenging experiments
give a new and more definite understanding of gravitational interaction with anti-matter.

5. Conclusions

In this paper, we restricted our discussion to anti-hydrogen and its comparison to other
simple atomic systems like hydrogen and positronium. Impressive spectroscopic results
achieved in anti-hydrogen demonstrate great progress in anti-hydrogen synthesis, cooling,
and trapping. Still, a comparison with optical transitions in hydrogen provides knowledge
mainly about electromagnetic interactions which is only one of the feasible sources of
parity violations. Using a model-independent approach, one can basically deduce the
restriction for the electron-to-positron mass ratio of 7.4 x 10~7. The expected improvement
of the 15-2S frequency in antihydrogen will not directly bring an improvement for this
fundamental ratio without further progress in positronium spectroscopy and improvements
of charge ratios. Searching for informative violations in the electromagnetic sector seems
very challenging, knowing that there is no observed CPT violation at Am/m < 10718 level
obtained from measurements of decay channels of the neutral K/ K% mesons [67]. Direct
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measurements of the gravitational behavior of antimatter are very intriguing, although it is
hard to expect big surprises like “anti-gravity”.

It seems that searching for and studying matter/anti-matter violations will remain a
challenge for many years, covering a wide range of different theoretical approaches, and
astrophysical and laboratory experiments. Today’s laboratory techniques developed for
manipulation with anti-matter allow for a significant improvement of current limitations,
but it is hard to predict at which level one may expect the violation and how many orders
of magnitude need to fill the gap.
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