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The COMPASS Collaboration experiment recently discovered a new isovector resonancelike signal with
axial-vector quantum numbers, the a;(1420), decaying to f,(980)z. With a mass too close to and a width
smaller than the axial-vector ground state a;(1260), it was immediately interpreted as a new light exotic
meson, similar to the X, ¥, Z states in the hidden-charm sector. We show that a resonancelike signal fully
matching the experimental data is produced by the decay of the a; (1260) resonance into K*(— Kz)K and
subsequent rescattering through a triangle singularity into the coupled f(980)z channel. The amplitude for
this process is calculated using a new approach based on dispersion relations. The triangle-singularity
model is fitted to the partial-wave data of the COMPASS experiment. Despite having fewer parameters, this
fit shows a slightly better quality than the one using a resonance hypothesis and thus eliminates the need for
an additional resonance in order to describe the data. We thereby demonstrate for the first time in the light-
meson sector that a resonancelike structure in the experimental data can be described by rescattering
through a triangle singularity, providing evidence for a genuine three-body effect.

DOI: 10.1103/PhysRevLett.127.082501

Quantum chromodynamics is generally accepted as the
fundamental quantum-field theory of the strong interaction.
How exactly the spectrum of bound states (hadrons)
emerges from the underlying interaction between quarks
and gluons is, however, not yet understood. The main
difficulty is the rise of the strong coupling at the low-energy
scale relevant for hadrons, which makes the theory unsolv-
able with perturbative methods. Although the constituent-
quark model [1-3] describes many of the observed mesons,
it seems that the spectrum is notably richer: there is
growing experimental evidence for bound states beyond
the constituent-quark model. Such states are commonly
called exotic [4-9]. In addition to mapping out the full
spectrum predicted by models and, more recently, by lattice
gauge theory [10], the search for such exotic states drives
the current interest in hadron spectroscopy.

The study of single-diffractive reactions with a high-
energy meson beam, as performed by the COMPASS
experiment at the CERN SPS [11,12], is a natural way
to investigate meson excitations (for a recent review, see
Ref. [13]). In such reactions, at high energies commonly
described by the exchange of a Pomeron P, the incoming
beam particle is excited by the strong interaction with a
proton target. Regge theory then allows us to factorize off
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the target vertex, such that we only consider the beam
vertex. Although the produced excited system immediately
decays, the reaction products unveil the properties of the
excitation. An unprecedented amount of data comprising
almost 50 x 10° events for the reaction z~ + p —
zxxt + p were used by COMPASS to perform a
detailed analysis of z; and a; mesons with isospin
I =1, negative G parity, and positive C parity implied
by G = C(-1)". The partial-wave analysis (PWA) tech-
nique in connection with the isobar model was used to
separate excitations with different quantum numbers; see
Refs. [13,14] for details. Individual waves are labeled
JPCMeEnL, where J is the total angular momentum of
the 3-pion system, P the spatial and C the charge-
conjugation parity. The quantum number M labels the
projection of the spin J onto the direction of the beam in the
rest frame of 7~z zt, and e indicates the reflection
symmetry with respect to the production plane. At the
high center-of-momentum energies of the experiment, the
reflectivity quantum number € corresponds to the naturality
of the exchanged particle and is hence always positive for
Pomeron exchange. The orbital angular momentum
between the neutral system of two pions (isobar) and the
remaining pion is denoted by L. The symbol & labels the
assumed isobar, i.e., the interaction amplitude in the neutral
zzw subchannel.

A PWA including 88 waves in total was performed
separately in 100 bins of the 3z invariant mass m3, and 11
bins of the reduced 4-momentum transfer squared ¢’ [see
Eq. (6) in Ref. [14]]. The results are summarized in
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(a) Intensities of selected waves from the PWA of the reaction z~ 4+ p — z~2~z" + p [14]. The inset shows an enlarged view

of the 1710™ fyzP wave. The colored bar on the left indicates the contributions of the different waves to the total intensity. (b) Diagrams
showing possible contributions to the p(770)z and f(980)z production amplitudes. The Pomeron is labeled P, a, refers to the axial-
vector ground state a; (1260), and a, to the tensor ground state a,(1320). The framed diagram shows the dominant contribution to the

a,(1420) signal via the triangle diagram.

Fig. 1(a), where we show the intensities of selected waves
as a function of ms,, summed over all ' bins. Among many
important observations, an exotic resonancelike signal with
quantum numbers JP¢ = 1" was found in the
1t+0* forP wave as a clear peak at 1.4 GeV/c? [15]
[see inset of Fig. 1(a)]. The resonancelike behavior was
corroborated by the observed phase motion, i.e., a mass-
dependent relative phase with respect to several other
reference waves. Extensive studies, also wusing the
“freed-isobar” method [16], undoubtedly confirmed the
signal and proved that it was not an artifact of any particular
isobar parametrization [14]. Following the Particle Data
Group (PDG) convention, the signal was called a;(1420)
according to its quantum numbers /¢(JP€) = 1-(17F). It
was immediately realized that it could not be an ordi-
nary quark-model meson resonance: (i) with about
150 MeV/c?, its width is much smaller than that of the
axial-vector ground state a;(1260) of about 500 MeV/c?;
(ii) the signal is separated from the ground state by only
about 150 MeV/c?, whereas the energy difference between
different radial excitation levels is typically 400 MeV/c? as
estimated based on the slope of the radial excitation
trajectory [17,18]; (iii) so far, the a;(1420) was seen only
in the f((980)x final state.

Various interpretations followed the a;(1420) observa-
tion [19-23], requiring or not a new resonance. Resonances
are consistently introduced in general scattering theory
[24], where the reaction amplitude is an analytic function of
the total energy squared s that is regarded as a complex
number; they are found as poles on the unphysical sheet of
the complex s plane attached to the real axis from below. In
explanations involving either diquark-antidiquark mole-
cules or tightly bound tetraquarks, the observed signal,
i.e., peak and phase motion, is caused by a pole-type
singularity located on the closest sheet. Alternatively, a

so-called triangle-singularity (TS) mechanism [24-26] was
proposed as the mechanism behind the a;(1420) signal
[19]. Here, a logarithmic branch point caused by a coupled-
channel effect, particularly by the K*K — fx interaction, is
located near the physical region on the closest unphysical
sheet. The other proposed model [23,27] that does not
require a new resonance pole combines resonant and
nonresonant production mechanisms resulting in a peak
in the 1770" fozP wave. However, the generated phase
motion is at the position of the a;(1260) resonance, which
is inconsistent with observation.

In this Letter, we interpret the COMPASS data in terms
of the triangle-singularity model based on a new method for
the calculation of the amplitude. The calculation imple-
ments the proposal of Ref. [28] exploiting the unitarity and
analyticity properties of the amplitude. The new model
goes beyond Ref. [19] by incorporating spin in a more
systematic way and allowing us to address higher-order
rescattering effects. To our knowledge, this is the first time
that the TS model, mimicking a resonance signal, is fitted
successfully to experimental data in the light-meson sector
describing both intensity and phase motion simultane-
ously. Comparable studies in the heavy-quark sector, see,
e.g., Refs. [7,29,30], were performed on a much smaller
statistical basis.

The dynamics of a hadronic three-body system is
commonly understood in terms of quasi-two-body inter-
actions with subchannel resonances ¢ decaying further into
pairs of final-state particles. Often, however, the same final
state can be obtained through several decay chains when
the two-particle interaction is non-negligible for different
particle pairs [31,32]. Different decay chains are coherent;
hence they interfere. The unitarity of the scattering matrix
enforces a consistency relation between the different
chains [33-35]. This relation makes the line shapes of
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the resonances in a particle pair in a system of three
particles dependent on the dynamics in the other pairs [36—
39]. An equivalent way of describing this interrelation
between pairwise interactions is to state that the cross-
channel two-body resonances in the zz, Kz, and KK
systems rescatter to one another, thereby modifying the
original undistorted line shapes. In addition, the proba-
bilities for a three-body resonance decaying to one or
another channel may be redistributed due to final-state
interaction [40,41]. The latter effect is strongly enhanced
for certain kinematic conditions [24,42] and produces the
observed resonancelike signal in the case considered here.

We find that the presence of the K*(892) resonance
(hereafter referred to as K*) in the KKz channel drastically
affects the f((980)z channel, since the rescattering
between K* — KzP wave and KK — f((980) — zzS
wave occurs with all intermediate particles being almost
on their mass shell for m;, ~ 1.4 GeV/c?, ie., slightly
above the K*K threshold [19]. This effect does not disturb
the narrow line shape of the f,(980), but it leads to a
significant redistribution of the a;(1260) decay probabi-
lities. The originally negligible f(980)zP-wave decay
channel is populated by the rescattering from the K*K
decay locally around 1.4 GeV/c?.

Our calculation of the TS amplitude is reminiscent of the
Khuri-Treiman (KT) equation first developed in 1960 [33—
35]: the dispersion relation and two-body unitarity are used
to connect the isobar amplitude with the partial-wave
projection of the cross channels. By F é‘}} we denote the
production amplitude of a three-particle system (123) with
a given set of quantum numbers W, the invariant mass
squared s = m3_, and the isobar formed by particles 2 and 3
(hereafter labeled {1} using indices in curly brackets) with
invariant mass squared oy, = (p2 + p3)*. We write the
dispersion relation for the kinematic-singularity-free ampli-
wde Fly!(s,001y)/Kl! (s.001y), with Kly) being the
breakup momentum for the fyz system required for the
P-wave, see Supplemental Material [43]:

Fi (s.001) =K§J}<s,a{1}>(céé}<s>

pu(0)FY) (s.0)

Z/ {} da).
O'mwK S 0 U G{l}—iS)
(1)

Here, the indices W and w refer to the full set of quantum
numbers labeling a given wave. For the fyzP wave

considered in this Letter, the term Cé;}(s) parametrizes
the three-body production dynamics and the decay into the
given final state W. It includes the direct production of the
a,(1260) resonance and a term for the nonresonant
production that is further described below. The sum runs
over all possible cross channels with quantum numbers .

In the dispersion integral, p, (o) is the two-body phase-

space factor, and F é;_i)(s, o) is the projection of the cross
channel {3}, i.e., the isobar formed by particles 1 and 2,
with quantum numbers @ onto channel {1} with quantum
numbers W. We do not expect isobars in channel {2},
formed by, e.g., K77, K%z, or 7~7~. We note an
important difference to the original KT equation. The latter
constrains the subchannel dynamics in the three-body
system. The total invariant mass of the system is treated
as a fixed parameter in the model. In 1965, Aitchison
suggested that this parametric dependence is actually
physical and represents the three-body interaction [32].
In Ref. [28], the authors demonstrated that the KT kernel
can be used to separate the genuine three-body dynamics
from the final-state interaction. Correspondingly, in Eq. (1)

the direct decay of a;(1260) enters in Cw} (s), while the s-
dependent dispersion integral adds the rescattering correc-
tions. Assuming that modifications of the line shapes of the
cross-channel resonances due to rescattering are negligible,
we find that the K*K channel produces a narrow peak and a
strong phase motion at the mass of the a(1420) due to the
TS being very close to the physical region, while all other
possible rescattering corrections, which we investigated,
manifest themselves in a broad bump and a slow phase
motion similar to the direct decay and the nonresonant
background (see Supplemental Material [43]).

For a fit of the TS model to the COMPASS spin-density
matrix elements [48], referred to below as the data points,
we choose the three waves depicted in Fig. 1(b), which
constitute the dominant contributions to the pz and fyz
production amplitudes: (i) the 1770 pzS wave describes
the source of the rescattering process, since its largest
contribution comes from the a;(1260). This wave also
contains a significant contribution from nonresonant
“Deck-like” processes [49]; (ii) the 1770 fynP wave
contains the a;(1420) signal; (iii) the 2" 17pzD wave
exhibits a clean a,(1320) resonance and is included in
order to fix the relative phases and stabilize the fit. In
general, there are two components for each wave in the
model: a resonance amplitude, i.e., a propagator that
contains a pole [in this case either the a;(1260) or the
a,(1320)], and a component with #-channel 7 exchange
accounting for nonresonant processes. We parametrize the
a,(1260) propagator by a relativistic Breit-Wigner (BW)
amplitude with energy-dependent width saturated by the pz
decay channel [50]. For the resonance part of the pzD wave
we employ the a,(1320) propagator parametrized by a BW
amplitude with dynamical width including the pz (80%)
and nz (20%) channels, as discussed in Ref. [50]. The
nonresonant background is added coherently to each
wave. We use an empirical parametrization given by
(ms,/my — 1)? exp[—(co + ¢t + c,?)p?], where p is
an effective breakup momentum for the decay into £z at
the given mjs, value, taking into account the finite width of
the isobar £ and the Bose symmetry of the system, and
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my = 0.5 GeV/c? [see Eqgs. (27) and (29) in Ref. [50]].
For the model calculations, the # value is fixed to the lower
edge of the respective bin. For the fyzP wave, the
resonance part of the production amplitude is modified
by the K*K — for rescattering via the TS. As the direct
decay of the a;(1260) to the f final state has a very slow
phase motion and a similar shape as the phenomenological
parametrization of the nonresonant part due to the limited
phase space (see Supplemental Material [43] for details),
the fit cannot distinguish between the two components.
Therefore, this additional component is only considered for
systematic studies.

The free parameters of the model, i.e., the ¢'-dependent
complex couplings, the background parameters b and c;, as
well as the 7-independent BW parameters, are determined
by a fit to the COMPASS data points in ms, and ' bins. We
note that there are no free parameters influencing the line
shape of the TS amplitude, while the strength and the
background parameters are adjusted in the fit. As explained
in more detail in Ref. [50], the data points y; to be fitted are
the intensity and the real and imaginary parts of the
interference terms for the 3 selected waves inside the
chosen ms, ranges (indicated in Fig. 2) for all 11 ¢ bins.
The fit is performed by minimizing the sum of the
squared differences between data points y; and model
prediction ¥;, weighted by the inverse squared statistical
uncertainties:

R2 — Z (vi ;Zf’i)z ' 2)

Figure 2 shows the result of the TS model fit in the
lowest ¢ bin, selecting only the fozP wave (full lines). The

Intensity of the 1770 for P wave

Interference of 1Y 70" (for P — pr S)

fit results for all three waves in all 11 ¢ bins can be found in
the Supplemental Material [43]. Figure 2(a) shows the
intensity of the fyzP wave and Fig. 2(b) the relative phase
to the pzS wave, both as a function of m5,. The resonance-
like behavior of the TS amplitude is most evident from the
circle in the Argand diagram in Fig. 2(c). The nonresonant
background (green arrows) helps to slightly adjust the
position of the circle. Since the phase of the background
component does not change with m5,, all green arrows are
parallel.

In order to evaluate the quality of the TS model fit, we
also perform a fit to the data using a simple BW description
of the a,(1420) signal instead of the TS amplitude. This is
accomplished by replacing the TS parametrization of the
fomP wave by a relativistic BW amplitude with free mass
and width parameters assuming the a;(1420) being a
genuine new resonance. We use a constant-width para-
metrization since further decay modes of this hypothetical
new particle are unknown. Figure 2 shows that the fits with
the BW model (dashed lines) and the TS model (solid lines)
are of very similar quality. Both models are capable of
describing the intensities as well as the corresponding
interference terms. For a quantitative comparison, one can
use the quantity defined in Eq. (2). The biggest contribution
comes from the pzS and pzD waves. Since the description
of these two waves is very similar in both fit models, we can
omit them for the comparison of the fit quality. In addition,
we can exclude one of the two remaining phases of the
interferences, since they depend linearly on one another.
Defining R2,, as the reduced weighted sum of the remain-
ing residuals squared divided by the number of degrees of
freedom, where only the fit parameters specific to the f,zP
wave are taken into account, we arrive at a value of
RZyrs = 4.8 for the TS and RZ,py = 5.2 for the BW

Amplitude of the 17707 forr P wave

500

COMPASS 2008 COMPASS 2008 + 1 COMPASS 2008
0.100<t/(GeV /)2 <0.113 TS madel 0.100<#/(GeV/c)? <0.113 : i - 0.100<#'/(GeV/c)? <0.113| —— TS model
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FIG.2. Results of the fit with the TS model (solid lines) and the BW model (dashed lines) to the wave with the a; (1420) resonancelike
signal. The fit range is indicated by the color saturation of data points and lines. (a) Intensity of the 170" f,zP wave. The complete fit
model (red) is decomposed into its signal (blue) and background (green) contributions. (b) Relative phase between the 170" pzS wave
and the 1770"fynP wave. (c¢) Argand diagram. The red dots on the TS-model curve correspond to the indicated

ms, values in units of GeV/c>.
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model. The values indicate that the two fits have compa-
rable quality. The advantage of the TS model is that it has
two fit parameters less, since it does not require a new
particle with corresponding mass and width.

To study the stability of the result, we investigate a wide
range of sources of systematic uncertainties, both with
respect to changes of the model and to changes of the data
points. We perform fits where the data points y; are varied
according to systematic studies for the PWA in bins of mass
and 7/, published in Ref. [14]. These include using a smaller
wave set, removing negative reflectivity waves, relaxing the
event selection, using a model with relaxed coherence
assumption (see Ref. [14] for details), or changing the
parametrization of the f,(980). In an additional study, we
use the result of a statistical reanalysis of Ref. [14] applying
the bootstrap technique [51]. Also, we consider several
variations in the fit model for the TS: (i) a fit with non-
Bose-symmetrized phase space; (ii) neglecting the spins of
the particles involved (similar to Ref. [19]); (iii) including
the excitations a;(1640) and a,(1700) in the pzS and pzD
waves, respectively (mass and width fixed to the values
from the PDG [1]); and (iv) varying mass and width of the
K* resonance according to their uncertainties [1] in order to
estimate the effect of further rescattering. The TS model
systematically yields a slightly smaller R2 than the BW
model; see Supplemental Material [43].

In summary, we have shown that the recently discovered
resonancelike signal a, (1420) can be fully explained by the
decay of the ground state a,(1260) into K*K and sub-
sequent rescattering through a triangle singularity into the
observed final state f((980)z without the need of a new
genuine a; resonance. The effect of the triangle singularity,
which is expected to be present, is sufficient to explain the
observation.
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