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News from the light and strange meson sector
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Recent high-quality data sets from various experiments grant new insights into the excitation spectrum of light mesons, which are composed
of up, down, and strange quarks. In the non-strange light-meson sector, many recent experimental and theory efforts are focused on the
search for so-called exotic states, which are states beyond the naı̈ve constituent quark-model. To this end, various potential decay modes of
exotic states are studied at experiments such as GlueX or COMPASS. In addition, there is recent progress in the understanding of so-called
non-resonant processes, which act as background in searches for light mesons, as well as in the prediction of light mesons from lattice QCD.
While the non-strange light-meson spectrum is already mapped out rather well, many predicted strange mesons have not yet been observed
experimentally or need further confirmation. Recent high-precision data from experiments such as LHCb and BESIII allow us to study
strange mesons in heavy-meson decays. Alternatively, strange mesons are studied in diffractive scattering of high-energy kaon beams. The
so far world’s largest data set on the diffractively producedK−π−π+ final state was measured by the COMPASS experiment. A recent
analysis of this data covers a large variety of strange mesons over a wide mass range in a single, self-consistent analysis
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1. Introduction

In the näıve quark-model picture, mesons are states build up
from a constituent quark and antiquark pair. Non-strange
light mesons are build up from up or down (anti)quarks, while
strange light mesons are build up from a strange (anti)quark
and an up or down (anti)quark,i.e. they have strangeness of
±1. Light mesons are characterized by their isospinI, their
total spinJ , and their parityP . The latter two are often writ-
ten asJP . For non-strange mesons, also the charge-parity
quantum numberC is defined, such that their quantum num-
bers are often written asJPC .

Non-strange and strange light mesons are produced, for
example, in the inelastic scattering of high-energy pion, kaon,
or photon beams and can be studied in their decays to vari-
ous final states. These processes are employed at experiments
such as GlueX, VES, or COMPASS. Light mesons also ap-
pear as intermediate states in the decays of heavy mesons
or τ leptons to hadronic multi-body final states. Such pro-
cesses are used to study light mesons at experiments such as
Belle(II), BESIII, or LHCb.

In principle, QCD allows for more than just quark-model
qq̄′states. For example, there could be so-called hybrid states,
which have an excited gluon-field that contributes to their
quantum numbers. Also, states with four constituent quarks,
so-called molecules or tetraquarks, are possible. Historically,
such states are called exotics. They appear as supernumer-
ary states in addition to the quark-model states and are in the
focus of many experimental searches. In searches for exotic
states, the non-strange light-meson sector plays a special role,
because only for non-strange light mesons certainJPC com-
binations exist that are not possible for a pure quark-model
state. Hence, a state with such quantum numbers is mani-
festly exotic. SuchJPC combinations are called spin-exotic
quantum numbers.

FIGURE 1. Intensity distribution of theJPC = 2++ partial wave
in theηπ− final state as measured by GlueX. Taken from Ref. [3].
Some labels were modified for consistency.

2. Light non-strange mesons

2.1. Searching for spin-exotic states

Examples for states with spin-exotic quantum numbers are
π1 states, which haveJPC = 1−+. Lattice QCD predicts
that the lightest hybrid state hasJPC = 1−+ quantum num-
bers [2]. Experimentally, theηπ andη′π final states are con-
sidered to be golden channels to search for exoticπ1 states.
The GlueX experiment at Jefferson Lab measured a large data
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FIGURE 2. Intensity distribution of the spin-exoticJPC = 1−+

wave decaying viaρ(770)π to the π−π−π+ final state as mea-
sured by COMPASS [5]. The solid red curve represents the result
of a fit of a resonance model that consists of the coherent sum of a
resonance component (blue curve) and a non-resonant component
(green curve). The dashed red curve represents the result of a fit
without a resonance in this wave. Some labels were modified for
consistency.

set for theηπ− final state produced in the scattering of a
high-energy photon beam. Recently, they performed a first
partial-wave analysis of this high-precision data set. The ob-
tained intensity distribution of theJPC = 2++ partial wave
(see Fig. 1) shows, as expected, a clear peak from the well
knowna2(1320) resonance and only little background. This
demonstrates that the GlueX data is well suited for partial-
wave analyses and shows the potential to study in the future
more interesting partial waves such as theJPC = 1−+ wave,
in which spin-exoticπ1 states may appear. Furthermore, also
other final states are under study at GlueX such as theηπ0

andωπ−π0 final states, which will provide complementary
information on exotic states [4].

Also the COMPASS experiment studies theπ1, for exam-
ple in its decay viaρ(770)π to theπ−π−π+ final state [1].
As shown by the intensity distribution in Fig. 2, COMPASS
observes a resonance-like signal in theJPC = 1−+ partial
wave, which is at a similar mass as theπ1(1600) that is listed
by the PDG [13]. Furthermore, without a resonance in the
model, the COMPASS data cannot be described as shown by
the dashed red curve in Fig. 2. In summary, the COMPASS
data show clear indications for a spin-exoticπ1(1600) reso-
nance decaying viaρ(770)π to theπ−π−π+ final state.

2.2. Non-resonant processes

In the scattering of high-energy pion or kaon beams, the mea-
sured hadronic final state may be produced by processes that
do not involve the decay of a resonance. Such non-resonant
processes are, for example, double-Regge exchanges as ex-

FIGURE 3. Double-Regge exchange models for non-resonant pro-
cesses in theηπ− and η′π− final states by JPAC. a) shows one
possible graph for a double-Regge exchange process. b) shows
in orange the experimental intensity distribution as a function of
the angle of theη with respect to the direction of the beamπ− in
theηπ− center-of-momentum frame (see Ref. [6] for details). The
blue, red, and, green bands represent predictions from three double-
Regge models. Taken from Ref. [6]. Some labels were modified.

emplarily shown in Fig. 3a) for theη(′)π− final states. Typi-
cally, non-resonant processes cannot be fully separated kine-
matically from resonance production. Therefore, they have to
be taken into account when formulating resonance models in
partial-wave analyses. This was done,e.g., in the analysis of
the COMPASSπ−π−π+ data (see green curve in Fig. 2). Es-
pecially with recent high-precision data from various experi-
ments, modeling those non-resonant contributions introduces
significant systematic uncertainties, because detailed models
for non-resonant processes are still missing. In order to tackle
this issue, JPAC recently studied various models for double-
Regge exchanges for diffractive production of theηπ− and
η′π− final states based on COMPASS data [6]. They focused
on the high-mη(′)π region, because it is expected to be domi-
nated by non-resonant contributions. In general, their models
(blue, red, and green bands in Fig. 3b) reproduce well the
COMPASS data (orange band in Fig. 3b). With their analy-
sis, JPAC deepened our understanding of non-resonant pro-
cesses. This not only may improve the extraction of light-
meson resonances, but it also gives us valuable insight into
the various processes involved in the production of theηπ−

andη′π− final states. While the exchange at the bottom ver-
tex was assumed to be dominated by Pomeron exchange for
the high center-of-momentum energy at COMPASS, JPAC
found an important contribution also fromf2 exchange in the
high-mη(′)π region. Furthermore, the JPAC analysis revealed
that Pomeron-Pomeron fusion is necessary to describe espe-
cially theη′π− final state, which points towards a large gluon
affinity of this final state.

2.3. Combined analysis of different data sets

In general, non-resonant and background contributions ap-
pear differently in different final states and different produc-
tion mechanisms, while the resonance signals are the same.
Hence, studying the same states in combined analyses of sev-
eral data sets on different final states and different production
mechanisms helps to improve the separation of resonance
signals from non- resonant and background contributions.
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FIGURE 4. Intensity distribution of theJPC = 1−+ partial wave
in the η′π− decay. The red data points represent the COMPASS
measurement. The black line represents the resonance model,
which is based on aK-matrix approach, as obtained from a com-
bined fit to data from the COMPASS and the Crystal Barrel ex-
periments and to data onππ scattering. The orange and gray bands
represent the corresponding statistical and systematic uncertainties,
respectively. Taken from Ref. [7]. Some labels were modified for
consistency.

Such a combined analysis was performed by the au-
thors of Ref. [7] using Crystal Barrel data onpp̄ →
π0π0η, π0ηη, K+K−π0; COMPASS data on theJPC =
2++ andJPC = 1−+ partial waves in theηπ− andη′π−

final states; and various data sets onππ scattering. As shown
in Fig. 4 exemplarily for theJPC = 1−+ partial wave in
theη′π− COMPASS data, this combined analysis reproduces
the data well. Most notably, a single pole consistent with the
π1(1600) is sufficient to describe theJPC = 1−+ partial
waves in both, theηπ and theη′π final states, which is con-
sistent with a previous analysis of only the COMPASS data
set [8]. This puts the existence of theπ1(1400) into ques-
tions, which is another exoticπ1 state that is listed by the
PDG and that was observed mainly in theηπ final state [13].

2.4. Theπ1 from lattice QCD

The lightestπ1 is also studied in recent lattice QCD calcula-
tions. Figure 5 shows the results from Ref. [9], which pre-
dicts the partial decay widths of the decay of the lightestπ1

state. Interestingly, they found that theb1(1235)π decay is
the by far dominant decay mode, while other decay modes
such asρ(770)π or η′π have a more than one order of mag-
nitude smaller partial decay width. However, theb1(1235)π

FIGURE 5. Total decay width (gray) and partial decay width for the
b1π decay mode (purple) for the lightestπ1 state as a function of
theπ1 pole mass as predicted by lattice QCD. Taken from Ref. [9].
Some curves were removed for simplicity.

decay is experimentally much more challenging to access,
because theb1(1235) is a resonance itself. Theb1(1235)π
decay mode can be studied, for example, in 5-pion final
states. Analyzing such a 5-body final state requires involved
modeling of all the possible decay chains, which is more
complex than for a 2- or 3-body final state. Nonetheless, indi-
cations for the decayπ1 → b1(1235)π were claimed by BLN
E852 [10] and the Crystal Barrel [11] experiments. Also,
searches for the decayπ1 → b1(1235)π are currently ongo-
ing based on high-precision data sets from the COMPASS
and the GlueX experiments.

2.5. Exotic states beyond spin-exotics

Exotic states may also have conventional quantum numbers.
For example, lattice QCD predicts a pion-like hybrid state
with JPC = 0−+ quantum numbers [2]. Recently, COM-
PASS presented an updated analysis of theirπ−π−π+ data
set, in which they studied partial waves withJPC = 0−+ that
decay via different decay modes [12]. The COMPASS data
exhibit nearly identical resonance-like signals at a mass of
about1.8GeV/c2 in three partial waves that represent three
differentf0π decays (see blue, green, and orange data points
in Fig. 6). These signals are consistent with theπ(1800).
The COMPASS data also exhibit a clear signal in the decay
via f2(1270)π, however, shifted towards lower masses. Var-
ious interpretations of this shift are possible. There could
be, for example, two different states, which dominantly de-
cay via different decay modes. As quark-model states are not
expected to be so close in mass, one of these states must be

FIGURE 6. Intensity distribution of fourJPC = 0−+ partial
waves for the decays via[ππ]AMPK

S π (blue), f0(980)π (green),
f0(1500)π (orange), andf2(1270)π (red) to theπ−π−π+ final
state as obtained by COMPASS. Take from Ref. [12]. Some labels
were modified for consistency.
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an exotic supernumerary state in this interpretation. Another
explanation is, that there is only a single resonance in this
mass region, but its peak position is shifted due to interfer-
ence effects of the resonance with the non-resonant contri-
butions, which may be different for different partial waves.
Detailed studies using more elaborate resonance models are
needed to shade more light on these puzzling signals.

3. Strange mesons

In order to establish supernumerary non-strange exotic
mesons, an important goal is to also find all the strange part-
ners,i.e. to complete the corresponding SU(3) flavor nonets.
Furthermore, strange mesons play an important role in other
fields of particle physics,e.g. in searches forCP violation
in B- or D-meson decays to multi-body hadronic final states
with kaons. Hence, a complete knowledge of the excitation
spectrum of strange mesons is important. However, com-
pared to the non-strange light-meson sector, many parts of the
strange-meson sector are still only poorly explored. Figure 7
shows our current knowledge of the strange-meson sector ac-
cording to the PDG [13]. In total, only 25 strange mesons are
listed and only 16 of them are considered as established states
(blue points). Furthermore, many states predicted by quark-
models [14] are experimentally missing. Especially in the
high-mass region, many states need further confirmation and
many predicted states are missing. This is because at higher
masses the states typically become broader, which leads to
large overlaps among them. Hence, they are experimentally
more challenging to extract.

The COMPASS experiment collected the so far world’s
largest data set on the diffractively producedK−π−π+ final
state of about720 000 exclusive events. It is about 3.5 times
larger than the previously largest data set measured by the
WA03 experiment at CERN [17]. COMPASS performed a
comprehensive partial-wave analysis, which gives access to
in principle allK∗

J andKJ states [15, 16]. In the following
sub-sections, selected results from this COMPASS analysis

FIGURE 7. Spectrum of strange mesons,i.e. nominal masses of
strange mesons grouped by theirJP quantum numbers. The blue
data points show the masses of established states, the orange data
points those of not established states as listed by the PDG [13]. The
similarly colored boxes represent the corresponding uncertainties.
The black horizontal lines show the masses of states as predicted
by the quark-model calculation in Ref. [14].

FIGURE 8. Intensity distribution of theJP = 2+ partial wave in
the decay viaK∗(892)π to theK−π−π+ final state as obtained
by COMPASS [15]. Some labels were modified for consistency.

FIGURE 9. Invariant mass distribution of theK+η subsystem from
an analysis of the decayψ(3686) → K+K−η by BESIII. The blue
curve represents the total partial-wave model. The red dash-dotted
curve represents the contribution from theK∗

2 (1980). The ma-
genta dashed curve represents the contribution from theK∗

3 (1780).
Taken from Ref. [19]. Some labels were modified for consistency.

will be presented along with recent results from other exper-
iments in the strange-meson sector.

3.1. Searching established and unestablishedK∗
2 states

COMPASS observed a clear signal of the well-known
K∗

2 (1430) as exemplarily shown in Fig. 8 for the decay via
K∗(892)π. This observation is consistent with previous mea-
surements of theK∗

2 (1430) and is a first validation of the
COMPASS analysis.

Also BESIII published recently a high-precision mea-
surement of theK∗

2 (1430) decaying toKπ0 from a partial-
wave analysis of their data set on the decayJ/ψ →
K+K−π0 [18]. BESIII also contributed to the search for
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excitedK∗
2 states decaying toKη with a partial-wave analy-

sis of their data set on the decayψ(3686) → K+K−η [19].
They found a contribution from the excitedK∗

2 (1980) as
shown in Fig. 9. Based on this measurement, theK∗

2 (1980)
is now marked as established by the PDG.

3.2. StudyingK2 states over a wide mass range

Most of the measurements of strange mesons were focused
on only a limited set ofJP sectors and on only limited
mass ranges. The COMPASSK−π−π+ analysis aims to
simultaneously study a variety ofJP sectors and to cover
a wide mass range in a single analysis. An example for
this is theJP = 2− sector. Here, the COMPASS analy-
sis includes various partial waves representing different de-
cay modes ofK2 states and covers a wide mass range up
to mKππ = 3GeV/c2. Figure 10 exemplarily show the
intensity spectrum of theJP = 2− partial wave decaying
via K∗

2 (1430)π. It exhibits a broad peak in the1.8GeV/c2

mass region with a pronounced high-mass shoulder reaching
up to about2.5GeV/c2. The PDG lists the two established
K2(1770) andK2(1820) in the peak region. The high-mass
tail may arise from theK2(2250), which needs further confir-
mation. This would be the first observation of theK2(2250)
in final states other thanΛp̄ andΛ̄p in a partial-wave analysis
and the first time all threeK2 state are determined in a single
analysis.

The two ground states,K2(1770) andK2(1820), were
also observed in a partial-wave analysis of the decayB+ →
J/ψφK+ by LHCb [20]. Figure 11 shows themφK distribu-
tion as obtained in the LHCb analysis (black data points) and
the contributions from twoK2 states (open squares). How-
ever, the decayB+ → J/ψφK+ gives access to only a lim-

FIGURE 10. Intensity distribution of theJP = 2− partial wave in
the decay viaK∗

2 (1430)π to theK−π−π+ final state as obtained
by COMPASS [15]. Some labels were modified for consistency.

ited range of strange-meson masses, because of the large
masses of the final-state particles. Hence, low- and also high-
mass states, such as theK2(2250), cannot be accessed in this
process. Recently, LHCb published an updated analysis of
this B+ decay mode based on an about three times larger
data set. In order to describe the more precise data, they had
to include the tails even of states with nominal masses out-
side their accessible mass region. However, this required in-
put from other measurements for theses states, because they
could not determine the resonance parameters of these states
from their own data.

FIGURE 11. Invariant mass distribution of theφK+ subsystem
from an analysis of the decayB+ → J/ψφK+ by LHCb. The red
curve represents the total partial-wave model. The open squares
represent the contribution from twoK2 resonances. Taken from
Ref. [20]. Some curves were removed for simplicity.

FIGURE 12. Intensity distribution of theJP = 0− partial wave
decaying viaρ(770)K to theK−π−π+ final state as obtained by
COMPASS [15,16].
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FIGURE 13. Phase of theJP =0− partial wave decaying via
ρ(770)K to theK−π−π+ final state with respect to theJP =1+

partial wave decaying viaK∗(892)π as obtained by COM-
PASS [15,16].

3.3. Searching exotic strange mesons

There may also be exotic states in the strange-meson sec-
tor. However, as strange mesons are not eigenstates ofC-
parity, there are no spin-exotic quantum numbers for strange
mesons. Thus, exotic strange mesons can only be identified
as supernumerary states in addition to predicted quark-model
states. An interesting sector to search for strange mesons is
theJP = 0− sector. Quark-model calculations [14] predict
two excited pseudoscalar strange mesons in the mass region
up to 2.5GeV/c2 (see Fig. 7). At the same time, the PDG
lists three excited pseudoscalar strange mesons [13]. The
establishedK(1460) matches the first excited quark-model
state. The not-establishedK(1830) matches best the sec-
ond excited quark-model state. The PDG lists in addition
the not-establishedK(1630), which was seen so far by only
a single experiment [22] with an surprisingly small width of
only 16MeV/c2. Furthermore, even if the PDG lists it as
K(1630), its quantum numbers are actually unclear.

In the COMPASS analysis, pseudoscalar mesons are
studied in their decay viaρ(770)π to the K−π−π+ fi-
nal state. Figure 12 shows the corresponding intensity
distribution. It exhibits a peak at about1.4 GeV/c2,
which presumably arises from theK(1430). However, the

m . 1.5GeV/c2 region is affected by known artifacts in the
COMPASS analysis. The intensity distribution exhibits a sec-
ond clear peak at about1.7GeV/c2, which is accompanied
by a clear rise of the relative phase of this partial wave (see
Fig. 13). Both, the intensity peak and the rising phase, indi-
cate a resonance-like signal close to theK(1630), however,
with a width that is presumably much larger than the one ob-
served in Ref. [22] for theK(1630). This signal is too low
in mass to agree with previous observations of theK(1830).
Hence, the signal in the1.7GeV/c2 mass region observed
by COMPASS may potentially be a supernumerary state and
thus a candidate for an exotic strange meson.

4. Conclusions

The non-strange and strange light-meson sector is a very
active field of physics. It has entered a high-precision era
with large data sets from experiments such as COMPASS,
VES, GlueX, CLAS12, LHCb, Belle(II), and BESIII. These
high-precision data not only yield smaller uncertainties for
the measured meson masses and widths, but they mainly al-
lows us to resolve weaker signals in the data and to get a
more complete picture of the physical processes that are un-
der study. For example, they allows us to also study non-
resonant processes in kinematic regions where they are dom-
inant. This will improve our models for these processes,
which will reduce systematic uncertainties that arise from
the separation of resonant and non-resonant contributions.
Also, with these high-precision data, more challenging decay
modes can be analyzed such as theb1(1235)π decay mode,
which is expected to be the dominant decay mode of spin-
exoticπ1 states. In the strange-meson sector, high-precision
data sets, such as theK−π−π+ data set measured by COM-
PASS, allow us to explore the strange-meson spectrum with
a similar richness of detail as it was done for the non-strange
light-mesons spectrum. With a more complete picture of the
strange-meson spectrum, supernumerary states can be identi-
fied, which are candidates for exotic strange mesons. How-
ever, these high-precision data demand at the same time a
more complete description of the data by the applied models,
which requires developing more elaborate theory models. In
the future, new data from currently running and upcoming
experiments, for example from PANDA or from a possible
new QCD facility at CERN called AMBER [23], will give
access to even more aspects of the non-strange and strange
light-meson spectrum.
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