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Abstract: Kaonic atoms measure the antikaon-nucleus interaction at almost zero relative energy,
allowing one to determine basic low-energy quantum chromodynamics (QCD) quantities, namely,
the antikaon-nucleon (KN) scattering lengths. The latter are important for extracting the sigma terms
which are built on the symmetry breaking part of the Hamiltonian, thereby providing a measure
of chiral and SU(3) symmetries breaking. After discussing the sigma terms and their relations to
the kaonic atoms, we describe the most precise measurement in the literature of kaonic hydrogen,
performed at LNF-INFN by the SIDDHARTA experiment. Kaonic deuterium is still to be measured,
and two experiments are planned. The first, SIDDHARTA-2 at LNF-INFN was installed on DAΦNE
in spring 2019 and will collect data in 2020. The second, E57 at J-PARC, will become operative in 2021.
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1. Introduction

Kaonic atoms experiments contribute to a deeper understanding of the quantum chromodynamics
(QCD), the strong interaction theory, in the non-perturbative regime, and can also be used to investigate
primary problems concerning global symmetries: the origin of symmetry breaking, its nature,
the breaking mechanisms, and to what extent symmetries are broken. Kaonic atoms allow to measure
the antikaon-nucleus interaction “at threshold”, from which fundamental low-energy QCD parameters,
such as the antikaon-nucleon (KN) scattering lengths are extracted. The latter are related to the sigma
terms, which are built on the symmetry breaking part of the Hamiltonian, thereby providing a measure
of chiral and SU(3) symmetries breaking. The (KN) scattering lengths can be determined by measuring
the shift and broadening of the ground state of kaonic hydrogen and of kaonic deuterium due to the
strong interaction. In the first part of the article we discuss the low-energy strong interaction dynamics,
introducing the sigma terms and their relations to the kaonic atoms. Then we introduce the most
precise measurement in the literature of the kaonic hydrogen, done at LNF-INFN by the SIDDHARTA
experiment. Kaonic deuterium is still to be measured and two experiments are planned. The first,
SIDDHARTA-2 at LNF-INFN was installed on DAΦNE in spring 2019 and will collect data in 2020.
The second, E57 at J-PARC, will become operative in 2021. Both of these experiments, as described in
the paper, have in common stringent experimental requirements which need to be satisfied in order to
be ready for the difficult kaonic deuterium measurement.

2. Low-Energy Strong Interaction Dynamics

2.1. Global Symmetries

Quantum chromodynamics (QCD) is the basic theory of the strong interaction. QCD possess
the feature of asymptotic freedom, meaning that as the distance scale gets smaller, the QCD
constant becomes weaker and the interaction’s strength diminishes. In this high-energy regime,
perturbative QCD was successfully applied. However, in the low energy domain, the (running)
QCD coupling constant becomes stronger so that QCD exhibits the color confinement. In this regime,
perturbative QCD ceases to be a useful tool for understanding the strong interaction dynamics. At energies
smaller than ∼1 GeV, one must simplify the theory. This is done by various models which are an
admixture of QCD and phenomenological treatments of confinement. At very low energies, a big
simplification occurs.

Below the region of resonances (E < Mρ), the hadronic spectrum contains the pseudoscalar
particles (π, K, η) only, whose interactions can be understood from global symmetry considerations.
Chiral symmetry would hold if all quark masses were to be zero (chiral limit). When quark masses are
finite and equal, the SU(3)’s exact unitary symmetry scheme holds, meaning multiplets of particles
(as the pseudoscalar meson and baryon octets) degenerated in mass. In our world, the quarks are
massive, and then, masses are different: ms � mu ' md. Thus, in the real world the chiral symmetry
is broken and the SU(3) symmetry is broken too. The chiral symmetry violation raises the masses of
the pseudoscalar mesons to finite values, and the SU(3) violation splits the SU(3) multiplets.

We do not know on a fundamental level what the origin of the symmetry breaking is and
what the breaking mechanisms are. One of the goals of the kaonic atoms experiments is to perform
measurements which can be also useful for investigating these fundamental questions [1].

2.2. Meson-Nucleon Sigma Terms

There are two information sources about the SU(3) (and chiral) symmetry breaking. The first
one is that the mass of a pseudoscalar meson comes entirely from the symmetry breaking interaction.
This, however, does not tell us much about the nature of this mechanism, except getting the magnitude
of the free parameters in the symmetry violating part of the strong interaction Hamiltonian.

Far more sensitive to the symmetries breaking mechanisms are the corrections to the low-energy
theorems [2]. These theorems connect the symmetry breaking part of the total Hamiltonian to the
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massless particles scattering amplitude: they would be exact at the limit at which pseudoscalar meson
masses vanish and axial vector currents are conserved. An important way to study the chiral symmetry
breaking mechanisms is to study the low-energy theorems of meson-nucleon scattering. They represent
the “corrections” for the real world to the exact relations which are valid only for zero mass particles.

In practice, this means to calculate the meson-nucleon sigma terms. The meson-nucleon sigma terms
are quantities of fundamental importance to non-perturbative QCD. Their main point of interest lies in
the fact that they provide a measure of the chiral symmetry breaking and vanish in the massless quark
chiral limit of QCD. In order to define them, consider the scattering process of the meson M against
the nucleon N:

Ma(q) + N(p)→ Mb(q′) + N(p′), (1)

where q, p and q′, p′ are the four-momenta of the particles and a, b denote the SU(3) indices of the two
mesons. The meson-nucleon sigma term represents the expectation value in the proton state |p〉 of
the equal-time (sigma) double commutator for the symmetry breaking part of the strong interaction
Hamiltonian, HSB, with the axial-vector charges of the two mesons Q5

a,b:

σba
MN = i〈p|[Q5

b, [Q5
a, HSB]]|p〉. (2)

The next step is to relate the sigma term with the experimental meson-nucleon scattering
amplitudes. This relation represents the low-energy theorem.

The axial-vector charge Q5
a of the meson a is associated with the axial vector current Aµ

a , whose
divergence is ∂µ Aµ

a . The partially conserved axial vector current hypothesis (PCAC) identifies this
divergence with the pseudoscalar meson field. In such a way, the sigma commutator in Equation (2)
is replaced by the product of the two meson fields, allowing one to connect the sigma term to the
meson-nucleon scattering amplitude Tba(ν, t, q2, q′2), where the kinematic invariants describing the
process are:

s = (q + p)2, total center of mass energy;

t = (q− q′)2; u = (q− p′)2; ν = (s− u)/4MN (3)

Finally, one obtains the low-energy theorem in the soft-meson limit q2, q′2 → 0 together with
ν = 0 and t = 0:

σba
MN = − fa fbTba(0, 0, 0, 0) (4)

where the f ′s are the mesons decay constants.
The calculation of the sigma term from the scattering data requires an elaborate procedure.

The problem is that the sigma term is not an observable. One has then to introduce an “experimental”
sigma term ΣMN , which can be related to the experimental meson-nucleon amplitudes. This can be
done in a favored point of the (t,ν) plane, the Cheng–Dashen (C–D) point (t = 2µ2, µ being the meson
mass, and ν = 0) [3–5].

The Cheng–Dashen point is on the mass-shell but lies outside the physical meson-nucleon
scattering region (t < 0). Therefore, in order to obtain Σ(2µ2) from the experimental amplitudes,
one has to extrapolate them to the C–D point with a procedure commonly based on dispersion relations.
The last step consists of calculating Σ at the zero momentum, for which all the kinematic variables
vanish and the sigma term σba

MN is defined by Equation (4) [6]. The procedure is schematically shown
in Figure 1 for the kaon case.

The pion-nucleon sigma term has been obtained by following this approach. The range of σπ N
turned out to be [7]:

41MeV ≤ σπN ≤ 57MeV (5)



Symmetry 2020, 12, 547 4 of 11

This was deduced from the (π N) scattering amplitude, computed at the Cheng–Dashen point [8].
Another determination for σπN has been obtained by the George Washington University/TRIUMF
group. The range of σπN values turned out [7]:

55MeV ≤ σπN ≤ 73MeV (6)

which is sizeably larger than Equation (5).

Figure 1. Procedure for the determination of the sigma term from experimental KN scattering amplitudes.

The situation in the kaon case is much worse than in the pion case. On the experimental side,
this is due to the poor bulk of KN scattering data. On the theoretical side [5], complications arise from
the followings facts:

• There are channels opened below the threshold.
• There is a resonance, Λ(1405), just below threshold of KN → KN.
• Uncertainties in the extrapolation procedure are present: the difference ΣKN(2M2

K) − ΣKN(0)
is larger than in the πN case, introducing additional uncertainty in the quantity of interest
ΣKN(0). In quantitative terms: let us refer to the πN case, where the “experimental” value ΣπN(0)
is based on solid experimental data [9]. Here, ΣπN(2m2

π) at the C–D point is (65 ± 5) MeV.
The estimated difference ΣπN(2m2

π)− ΣπN(0) = 14 MeV [10] gives ΣπN(0) = (51± 5) MeV [11];
i.e., an uncertainty of about 10%.

In the case of KN, the uncertainty on σKN is evaluated to be around 60%: see the estimation given
in [12–15]:

σKN = (599± 374)MeV. (7)

It is interesting to try to evaluate how much the uncertainty of the values of the sigma terms
depends on the precision of the measurement of the KN scattering lengths. Kaonic atoms’ data fix the
amplitudes near the threshold, giving a strong constraint to the determination of the amplitudes at zero
energy, required by the definition of the scattering lengths. A measurement of the scattering length at a
precision of around 10% might allow one to obtain the sigma terms with a 30% uncertainty [12–15].

Another approach, based on chiral mixing with u and d flavors only, does not introduce the
Cheng–Dashen point, to be reached from the scattering amplitudes through dispersion relations.
The approach has been followed by [16–18] who have calculated pion- and kaon-nucleon sigma terms,
with large uncertainties.
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An alternative method to determining the kaon-nucleon sigma terms consists of using lattice QCD
simulations. This has been followed recently by different groups [19,20]. However, model assumptions
cannot be fully assessed [20].

The first measurement of kaonic deuterium planned at DAΦNE in 2020 and at J-PARC in 2021
should hopefully re-vitalize this theoretical sector.

3. Antikaon-Nucleon Scattering Lengths

In an exotic atom, an electron is substituted by a negatively charged particle, such as a kaon,
which is bound by the electromagnetic interaction with the nucleus.

The hadronic atoms, in which the electron is replaced by a hadron, play a special role, because
they permit one to investigate the strong interaction; i.e., the quantum chromo dynamics. In the case
of a kaonic atom, the kaon interacts with the nucleus with a few keV of relative energy, to be compared
to the tens of MeV of low-energy scattering experiments. This enables the unique opportunity of
investigating the antikaon-nucleon/nucleus interaction almost “at threshold”, which grants access to
the antikaon-nucleon scattering lengths’, basic low-energy QCD parameters.

In this context, the statement by R.H. Dalitz, made nearly 40 years ago, still holds [21]:
“The most important experiment to be carried out in low energy K-meson physics today is the
definitive determination of the energy level shifts in the K−p and K−d atoms, because of their direct
connection with the physics of KN interaction and their complete independence from all other kinds
of measurements which bear on this interaction”.

3.1. Formation of a Kaonic Atom

A kaonic atom forms when a kaon stops inside a target, replacing an electron. The replacement
occurs in a highly excited state [22]:

n ∼
√

µ

me
× ne (8)

µ is the reduced mass, me is the electron mass, and ne is the outermost electron shell’s principal
quantum number. ne = 1 for hydrogen and deuterium. For the kaonic hydrogen, n is ≈ 25.

After formation, the kaonic atom undergoes a de-excitation processes until it reaches the ground
state, at which it interacts with the nucleus also via the strong interaction. During the transitions to the
ground state, X-ray radiation is emitted (see Figure 2).

Figure 2. Kaonic hydrogen cascade processes, down to the ground state 1s. The ground state is shifted
and broadened by the strong interaction [22].

The effect of the strong interaction on the top of the electromagnetic one is the shift of the ground
state with respect to the electromagnetic (e.m.) calculated value and its broadening.
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The strong interaction shift ε1s is defined as:

ε1s = Emeasured
2p→1s − Ee.m.

2p→1s, (9)

where Emeasured
2p→1s and Ee.m.

2p→1s are, respectively, the 2p→ 1s transition energies measured and calculated.
The e.m. 2p → 1s energy transition calculated from scalar QED, including the finite size effect and
vacuum polarization, for kaonic hydrogen is [23]: 6480 ± 1 eV.

3.2. Antikaon-Nucleon Scattering Lengths

Neglecting the isospin-breaking corrections, meaning assuming md = mu, the connection between
ε1s and Γ1s and the K−p complex aK−p scattering length is given by the relation (Deser–Trueman
formula) [24,25]:

ε1s +
i
2

Γ1s = 2α3µ2aK−p, (10)

α is the fine structure constant and µ is the reduced system mass.
Meissner, Raha, and Rustsky [26,27] evaluated the effects of isospin-breaking in terms of α and

δ ∼ (md −mu), obtaining an improved Deser-type formula for kaonic hydrogen and kaonic deuterium

ε1s +
i
2

Γ1s = 2α3µ2aK−p[1− 2αµ(lnα− 1)aK−p + ...] (11)

ε1s +
i
2

Γ1s = 2α3µ2aK−d[1− 2αµ(lnα− 1)aK−d + ...] (12)

aK−p is connected to a0 (I = 0) and a1 (I = 1), the KN isospin dependent scattering lengths, through
the average:

aK−p =
1
2
[a0 + a1] (13)

In order to extract a0 and a1, one has to measure the kaonic deuterium also:

aK−n = a1 (14)

aK−d =
4[mN + mK]

[2mN + mK]
Q + C (15)

where
Q =

1
2
[aK−p + aK−n] =

1
4
[a0 + 3a1]. (16)

The first term in Equation (15) is the lowest-order impulse approximation (K− scattering on each (free)
nucleon of deuterium). The term C includes the contributions connected to the K−d three-body interaction.

4. The SIDDHARTA Kaonic Hydrogen Measurement

The SIDDHARTA (Silicon Drift Detector for Hadronic Atom Research by Timing Applications)
experiment at LNF-INFN [28] on DAΦNE aimed to extract the kaonic hydrogen 1s level shift
and width with a precision higher than in the previous DEAR experiment [29], by using large
area silicon drift detectors (SDDs), instead of the charge-coupled devices (CCDs) used in DEAR.
The SIDDHARTA experiment could benefit from the clean, low-momentum (127 MeV/c), almost
monoenergetic (∆p/p = 0.1%) kaons’ beam from the φ-mesons’ decay produced in e+e− collisions at
the DAΦNE collider.

The SIDDHARTA setup consisted of a kaon detector, an X-ray detection system and of a cryogenic
target and is described in detail in [28].

An exploratory measurement of kaonic deuterium was performed during the 2009 run. In the
kaonic hydrogen analysis, this measurement was essential to quantifying the X-rays’ fluorescence
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background coming from the elements of the setup materials excited by the captured kaons. No peak
structures of K−d X-rays were visible.

A simultaneous global fit of the hydrogen and deuterium spectra was performed, and details are
given in [28]. Figure 3a shows the measured X-ray kaonic hydrogen spectrum after the subtraction of
fitted background. X-rays of kaonic hydrogen were observed. Figure 3b,c shows details of the fit results.

Figure 3. The global simultaneous fit for the X-ray energy spectra for hydrogen and deuterium data
(see text for details) [28].
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The 1s-level shift ε1s and width Γ1s turned out [28]:

ε1s = −283± 36(stat)± 6(syst) eV (17)

Γ1s = 541± 89(stat)± 22(syst) eV. (18)

This is the most precise measurement in the literature of kaonic hydrogen.

5. Kaonic Deuterium Experiments

The kaonic deuterium measurement is still missing in the study of antikaon-nucleon interaction.
As stated in [26]: “The necessity to perform measurements of the kaonic deuterium ground state

observables is justified by the fact that, unlike the case of pionic atoms, the measurement of only the
kaonic hydrogen spectrum does not allow, even in principle, to extract independently both s-wave
K-nucleon scattering lengths a0 and a1.”

In the coming years, two dedicated measurements will be performed at LNF-INFN and J-PARC:
SIDDHARTA-2 and E57, respectively. SIDDHARTA-2 was installed on DAΦNE in spring 2019 and will
collect data in 2020 and 2021. The E57 experiment will measure kaonic deuterium starting from 2021.

The difficulty of the measurement of kaonic deuterium is related to an X-ray yield one order of
magnitude smaller than that of kaonic hydrogen and a larger width. The measurement requires a
large area detector such as SDD, with good energy and timing resolutions. Moreover, dedicated veto
systems are necessary to increase the S/B ratio.

5.1. The SIDDHARTA-2 Experiment at LNF-INFN

New monolithic Silicon Drift Detector arrays have been developed by the SIDDHARTA-2 Collaboration.
Two special veto systems consisting of an outer barrel of scintillators counters, called Veto-1,

and an inner ring of plastic scintillation tiles (SciTiles), called Veto-2, were built and implemented.
A detailed Monte Carlo simulation was implemented within the GEANT4.
Figure 4 shows the expected spectrum. ε1s and Γ1s can be determined with precisions of 30 and

80 eV, respectively; thus, together with the kaonic hydrogen values, allowing to extract the scattering
lengths KN with a precision of about 10%.

Figure 4. Simulation of the SIDDHARTA-2 kaonic deuterium spectrum, assuming ε1s= –800 eV and
Γ1s = 750 eV, as well as a Kα yield of 10−3. Simulation for an integrated luminosity of 800 pb−1.
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5.2. The E57 Experiment at J-PARC

In the E57 experiment, the cylindrical detector system (CDS), coming from the E15 experiment [30],
will be used as the veto system. The experiment will use the K1.8BR multi-purpose spectrometer and
the newly developed SIDDHARTA-2 SDDs for X-ray detection. Detailed Monte Carlo simulations
studies (GEANT4) were performed.

Figure 5 shows the expected spectrum. ε1s and Γ1s can be determined with precisions of 40 and
110 eV, respectively.

Figure 5. E57 simulated kaonic deuterium spectrum, assuming ε1s= –800 eV and Γ1s = 750 eV and a
Kα yield of 10−3. Simulation for four weeks of beam time and 40 kW proton beam power.

6. Conclusions

A very useful instrument to study the chiral and SU(3) symmetries breaking mechanisms is the
measurement of X-ray transitions in kaonic hydrogen and kaonic deuterium. These measurements
allow to extract the antikaon-nucleon scattering lengths, which are relevant for the calculation of the
kaon-nucleon sigma terms, related to the chiral and SU(3) symmetries breaking part of the Hamiltonian.

The most precise kaonic hydrogen measurement has been made by SIDDHARTA on DAΦNE.
The kaonic deuterium measurement has not yet been performed.

This situation is going to be changed in the coming years, when SIDDHARTA-2 on DAΦNE and
E57 at J-PARC, will finally measure kaonic deuterium transitions to the fundamental level. This will
also fuel theoretical activities aimed to extract the kaon-nucleon sigma terms and unveil the mechanism
at work in the chiral and SU(3) symmetry breaking, on which the mass of (most part) of our visible
Universe depends.

Author Contributions: Conceptualization, C.C., C.G., J.M., M.I. (Mihail Iliescu), and M.I. (Masaiko Iwasaki);
software, M.B., M.C. (Michael Cargnelli), R.D.G., M.I. (Mihail Iliescu), M.M., S.O., K.P., and D.S.; methodology,
A.A., A.B., M.B., M.C. (Marco Carminati); L.D.P., G.B., M.B., A.C., D.B., C.F., M.I., P.K., P.L.S., M.M., P.M., S.N., S.O.,
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