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We investigate the internal structure of the ©Q(2012)~ by analyzing lattice QCD simulation and
experimental data within Hamiltonian effective field theory, considering both J” = 1/2~ and 3/2~
assignments. The couplings to the dominant decay channel ZK and the near-threshold channel Z(1530)K
are determined through the quark-pair-creation model. By studying the lattice QCD spectra in these two
spin-parity scenarios, we extract the masses and widths of the resonances. We notice that the J* = 3/2~
resonance is consistent with the observed ©(2012)~ while the recently reported €(2109)~ may be a

JP=1/2" Q.

DOI: 10.1103/xdbd-v5hb

Introduction. In 2018, the Belle Collaboration first observed
the ©(2012)~ in its decay channels Z°K~ and Z~K? using
the et e -collision data near the resonances Y(15), T(25)
and Y(3S) [1], and further studied the three-body decay
Q(2012)~ = KZ(1530) —» K#E [2,3]. In 2024, evidence
for the Q(2012)~ was reported by the BESIII Collaboration
in the process e*e™ — Q(2012)"QF + c.c. with a signifi-
cance of 3.5¢ [4]. Notably, in the same experiment, a new
resonance £2(2109), was also observed with a significance of
4.10, providing evidence for another excited € hyperon.
Most recently, the ALICE Collaboration reported a signal
consistent with the (2012)~ with a significance of 156 in
pp collisions at /s =13 TeV [5]. The Q(2012)" is
classified by the Particle Data Group (PDG) as a three-star
excited state of the Q~ with the mass and width being [6]

Mgo12)- = 2012.4 £0.7 0.6 MeV,
Foponny- = 6.4735 + 1.6 MeV. (1)
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The ©(2012)" is the first excitation in the Q~ spectrum.
In the naive quark model ©Q~ is made of three identical
strange quarks similar to A" or A~. However, the first
excited state A(1600) shares the same spin-parity as the
ground-state A(1232) while in the Q sector the first excited
state ©(2012)~ is proposed to have J¥ =3/2~ or 1/27,
which is different from that of the ground-state Q(1672).
This reflects not only a parity flip but also a possible change
in spin, suggesting a fundamentally different excitation
mechanism. Investigating the strange quark system is a
crucial step toward unveiling the nature of the strong
interaction [7,8].

In this context, the most pressing question concerns the
uncertain nature of the €(2012)~, in particular whether it
exhibits a quark-model-like or molecular structure, as well
as its spin-parity assignment. Before the discovery of the
Q(2012)~, many models had already been applied to
the excited states of Q~ with J© = 1/27 or 3/27 [9-20].
The three-quark structure has been adopted to explain the
Q(2012)~ [21-36], including the chiral quark model
[21,29], QCD sum rule [22,23,31], quark-pair-creation
model [24], and so on. Moreover, the mass of the
Q(2012)" lies only 16.5 MeV below the E(1530)K thresh-
old, which has led to interpretations of this state as a
possible Z(1530)K molecular configuration or a dynami-
cally generated resonance [37-50].

Lattice QCD starts from the first principles of QCD,
which is expected to provide useful insights into the
internal structure of Q(2012)7. In earlier studies, the
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Bern-Graz-Regensburg Collaboration [19] and hadron
spectrum Collaboration [20] investigated the negative-
parity 1P baryons Q with spin-1/2 and spin-3/2 on the
lattice. The former employed two mass-identical light
quarks with the chirally improved fermion action, while
the latter used an anisotropic clover action to generate
gauge configurations. These results were all obtained on a
smaller spatial lattice volume with L ~ 1.98 fm. The Q
baryon masses were also studied by the coordinated lattice
simulations collaboration, where the Ny =2+ 1 gauge
configurations were generated along trajectories maintain-
ing an approximately constant trace of the bare quark mass
matrix [51]. By describing the positive-parity €2 masses
with the N3LO SU(3) chiral perturbation theory expres-
sions, the lattice scales were thus determined and then used
to obtain the negative-parity masses.

Recently, lattice QCD simulations for the €~ baryon
spectrum were released by employing smeared three-quark
operators on the PACS-CS configurations [52] and, nota-
bly, the nodes of corresponding radial wave functions were
also identified. However, the shifts in the finite-volume
energy levels caused by nearby scattering states were not
analyzed and thus the widths of the resonances were not
extracted. We apply Hamiltonian effective field theory
(HEFT) on these results with spatial lattice volume L ~
2.9 fm to further study the odd-parity Q™ in this work.

HEFT describes resonance positions, decay widths,
scattering phase shifts, and inelastic effects in the infinite
volume, meanwhile it is also applicable to analyze hadron
excitations from the lattice QCD simulations in the finite
volume [53-66]. In particular, examining the eigenvectors
of the Hamiltonian in finite volume helps probe the internal
structure of coupled-channel systems. HEFT has been
successfully used to study the nucleon excited states, the
A resonance, the A(1405) and A(1670), and so on.

This paper is organized as follows. In the Section on
framework we outline the HEFT framework as applied to
the negative parity Q(2012)~ hyperons. In the following
Section the corresponding numerical results and discussion
are presented. Finally, a summary and concluding remarks
are provided.

Framework. The spin-parity J” of ©(2012)~ could be
either 1/27 or 3/27 [21], and we will examine both these
odd-parity systems. This section introduces the framework
for the relevant interaction, the T matrix at infinite volume,
and matrix Hamiltonian at finite volume, from which one
can obtain the masses and widths related to the resonances.

Interaction: The Hamiltonian reads
H = Hy+ Hiy, (2)

where the kinetic-energy Hamiltonian H, is written as

Hy = |Q0)m(Qy|

+Za: / & kla(k)) [0, (k) + g, () (@) (3)

The m% can be interpreted as a “bare baryon” composed of
a three-quark core, which is not dressed by coupling to
meson-baryon channels. Here |a) = |ZK) or |£(1530)K),

and
a)aBW) (k> = \/ mgB(M) + k2 (4)

is the energy of the particle. The subscripts ap and ay,
represent the baryon and meson separately in channel a.
The interaction Hamiltonian of this system is

%FEJ?MMW@®@M
1 (5)

+1Q0) gL, (K){a(k)

where the coupling gggo(/?) can be determined with the
phenomenological models.

In this work we use the quark-pair-creation model to
constrain these couplings with which the pole and the
lattice QCD results of the ©(2012) will be then studied.
This approach has been successfully applied to the analysis
for the D},(2317), D,(2460), and their bottom analogs in
both infinite and finite volumes [67,68]. .

In the quark-pair-creation model, the operator 7 is
introduced to describe that a pair of ¢g is pulled out from
the vacuum [69-77]

T =-37 (1m;1 - m|00) / Plyd®ks83 (ky + ks)

]_C’_]_é - ,i_—>
(B35 opappEoa®). o)

Here, ¢¢° and w{® are the color and flavor wave functions

of the g4qs pair created by operator b}(/?4)d§(1?5) from the
vacuum. )(‘f?_m represents the spin triplet state and the solid
harmonic polynomial y?’(;) = |l;|Y’l”(0k,¢k) reflects the
momentum-space distribution of the P-wave quark pair.

The helicity amplitudes can be obtained with the wave
functions in quark model

MMM (B = (R |T10y), )

and the details can be found in Ref. [24] where y = 6.95 is
used. With the same approach and the wave function of
E(1530) in Ref. [24], we can also calculate
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MMaMzaso M (£) = (2(1530)K|T|Q).  (8)
The partial wave amplitude M“Z (k) is also used in this
work

\/471' (2L + 1

M (k) = 20 +1

Z (LO; J gcM|JIM)
(,
X <JBMB;JCMC|JBCM>MMMBMC(kZ)v 9)

where J/J5/J - and M /M /M  represent the total angular
momenta and their third components of Q,/B/C, corre-
spondingly. L is the orbital angular momentum between the
final states B and C and J g is their total spin. Additionally,
the exponential form factor with the cutoff A =1 GeV is
used to truncate the hard vertices [76,77], and finally

12
Tl (k) = ML (R)e T3,
T matrix at infinite volume: The T matrix for two particle
scattering can be obtained by solving a three-dimensional
reduction of the coupled-channel Bethe-Salpeter equations

(10)

Ta,ﬂ(k’ k/,E) = Vaﬂ(k k" )

+Z/

alkq’ )

@)+ ZETM;(q,k’;E),

(11)

where w; (k) is the center-of-mass energy of channel 1

ol

95(1530)1?,90 (k1)

where

%.Qo(kn) = (16)

D) at

q,(k) can be derived from Eq. (10) and C3(n)

denotes the number of ways in which the sum of the
squares of three integers equals n.

We emphasize that the sum over n starts from n =0
for S wave whereas from n = 1 for higher partial waves
since the higher-partial-wave interaction vanishes for zero

The ¢’

a,

3. 3.
f)zj- (k1) 7

= \[md, + R+ fmd R
B M

The coupled-channel potential can be calculated from the
interaction Hamiltonian

(12)

: 1
Vaplko K5 E) = Guio, 0) g G (K- (13)

The pole position of ©(2012) can be determined by
locating the pole of the T matrix. The pole is located on the
second Riemann sheet. More specifically, we replace the
integration variable ¢ with g x exp[—i6) only for the 2K
channel. Due to the form factor exp[—5 A2] we maintain

0 <« 0 < n/4 to prevent exponential divergence.

Matrix Hamiltonian at finite volume: In the finite volume,
the matrix Hamiltonian 7 is also composed of a free part
and an interaction part. They can be obtained by discretiz-
ing the Hamiltonians in Sec. Il A.

In the system with 3/27, the free H,, is

k(k1), w=z(1530)% (k1) - -}
(14)

Hoy = diag{mQ, w=(1530) (ko). 0=

where the momenta k, can only take discrete values
correspondmg to a box of length L, k% = (3)?n with n =
n?+ ny + n? and n; being the integer.

The interacting 3/2~ Hamiltonian H;,, can be written as

9=(1530)k .2 (k1)

[
momentum. For J* = 3/2~ Q, the dominant decay chan-
nel, ZK, proceeds via D wave, while the near-threshold
channel Z(1530)K decays via S wave. In contrast, the
partial-wave assignments are reversed for the J* = 1/2~
system, with the corresponding adjustments to Eqs. (14)
and (15).

One can obtain the mass spectrum in the finite volume by
solving the eigenvalues of 'H = Hy + Hj,. To study the
spectra of odd-parity € at the larger pion masses, we need
to know the masses of the basic hadrons. For the mass of
mz(m2) and mg(m2), we employ a smooth interpolation of
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the corresponding lattice QCD results [55,78,79]. We
assign a positive slope Kz(1530) 10 mz(1530) (m3)

Mz(1530) (mizz) = Mmz(1530) |phys +K=(1530) (m72r - m%|phys)' (17)

We fix mz(1530) [phys = 1.533 GeV from the PDG [6]. Due
to the lack of Z(1530) lattice QCD data, we relate its slope
to that of A(1232) since they have same spin parity. The
A(1232) slope ka(1232) = 0.972 GeV~! was provided in
Ref. [66]. kz(1530) = Ka(1232)/3 = 0.324 GeV~! is approx-
imately used because the Z(1530) contains one light quark
whereas the A(1232) has three light quarks in the naive
quark model. Similarly for the bare € baryon, we still
introduce
m?z(’"%) - m%'phys + a(mfzr - mzzrlphys)' (18)
Since the Sommer scheme [80] is used to set the lattice
spacing in lattice QCD data, the strange quark mass
increases slightly with the light quark masses and therefore
a slope parameter is necessary in any fits.

Numerical results and discussion. In this section, we study
the energy spectra of Q~ hyperons with J* = 3/2~ and
JP = 1/27. We consider two channels ZK and Z(1530)K
and a bare baryon core to account for the three-quark
configuration. We first fit the lattice QCD data in the finite
volume to constrain the parameters of HEFT and then extract
the pole position of the Q™ resonance in the infinite volume. By

2400 prrr—
2300~
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[ matrix Hamiltonian model 4
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B |5t most probable
180 L e e e b b
8.00 0.05 010 015 020 025 030 035 040
m2/GeV?
FIG. 1. Pion-mass dependence of the finite-volume energy for the

JP =3/27 system with m%|phys = 2.110 GeV and the mass slope
a = 0. The solid red line indicates the largest contribution of the
bare basis state in the Hamiltonian model eigenvector. The broken
line denotes noninteracting meson-baryon energies. The brown and
blue shaded regions represent the impacts on the finite-volume
energies induced by 10% and 20% variations of the creation
strength y in the 3P, model, respectively. The lattice results are
taken from the CSSM group [52] in 2 4 1 flavor QCD [79].

comparing the obtained masses and widths with experiment,
the preferred spin-parity of Q(2012)~ will be analyzed.

The JP =3/2 system: The lattice QCD data for the
masses of the J© = 3/2~ Q are plotted as a function of m2
in Fig. 1. We can use HEFT to fit them well, which gives
the bare mass m?}|phys =2.110 £ 0.018 GeV and the slope

a = 0.000 £ 0.067 GeV~!. The slope with the central
value being zero is consistent with the fact that the bare
Q contains no light valence quarks, but the uncertainty
allows for a small nontrivial slope, which is to be expected
in the Sommer scheme. We plot the best-fit finite-volume
eigenvalues and components of the eigenstates with HEFT
in Figs. 1 and 2, respectively.

From Fig. 2, for the ground state in the small mass region
the largest component is Z(1530)K, albeit with a signifi-
cant bare state contribution. The bare core contribution
dominates at larger pion masses. The second eigenstate
consists almost entirely of 2K and only a little bare core
and thus it would not be easily observed on the lattice using
local three-quark interpolating operators. The third eigen-
state is sequentially dominated from the bare core to
Z(1530)K as the pion mass increases. The fourth eigenstate
is mainly made up of ZK.

Based on Fig. 2, we highlight the low-lying states with
the largest bare Q contribution using red bold lines in
Fig. 1. These states should be the most likely to be observed
on the lattice using local three-quark operators. One notices
that all the five lattice QCD data are close to the corre-
sponding red bold curve within one error bar. Indeed, the
dominance of the bare basis state in the third finite-volume
eigenstate provides an explanation for the increased energy

.......
0.1 0.2 0.3 0.4
m?2/GeV?

(b) 2nd eigenstate

.
0.1 0.2 0.3 0.4
m?/GeV?

(d) 4th eigenstate

(c) 3rd eigenstate

FIG. 2. Pion-mass dependence of the eigenvector components
with HEFT for the lowest four eigenstates of the J© = 3/2~
system.
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observed in the lattice QCD results as the lightest quark
mass is approached. Thus, HEFT is successful in explaining
why the lattice QCD spectrum in this region is observed.

We also present the non interacting energy levels in
Fig. 1, with the 2K and Z(1530)K channels shown as red
dashed and blue dash-dotted lines, respectively. The big
gap between the eigenenergies of the HEFT and the
noninteracting meson-baryon energy levels reflects the
presence of complicated interactions associated with res-
onance. With the parameters of HEFT constrained well by
the lattice QCD data, we can use it to search for the
resonance pole in the infinite volume.

We find a pole of the T matrix at (2012 £ 8)—
(1.6 £0.2)i MeV, meaning that the mass is around
2012 MeV and the width is 3.2 0.4 MeV. Therefore,
the preferred spin parity of the Q(2012)~ is J* = 3/27 in
our approach.

These results indicate that the Z(1530)K channel plays a
crucial role in shaping the structure and generating the real
part of the Q(2012)~ pole within the HEFT framework, as
evidenced by both the finite-volume energy spectrum and
the position of the resonance pole. Meanwhile, the ZK
channel is responsible for providing the imaginary part of
the pole, and thus contributes to the resonance width. Both
channels, together with the bare core, are indispensable for
achieving a consistent and realistic description of the
Q(2012)~ resonance.

The J¥ = 1/2~ system: Our results for the J* = 1/2
system are presented in Figs. 3 and 4. The lattice QCD data

2400

I L g I
2300~
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> [
3 s
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= [
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1900 [ —=- non-int. ZK energy -
[ —+=— non-int. 5(153())1? energy
[ 1st most probable
180-""' ol b e b
8,00 0.0 010 0.15 020 025 030 035 0.40
m2/GeV?
FIG. 3. Pion-mass dependence of the finite-volume energy for

the J¥ = 1/2~ system with m%|phys =2.150 GeV and the mass
slope @ = 0. The solid red line indicates the largest contribution
of the bare basis state within HEFT. The broken line denotes
noninteracting meson-baryon energies. The brown and blue
shaded regions represent the impacts on the finite-volume
energies induced by 10% and 20% variations of the creation
strength y in the 3P, model, respectively. The lattice results are
taken from the CSSM group [52] in 2 + 1 flavor QCD [79].

at small pion masses are very close to the HEFT spectrum,
and the datum at the largest pion mass deviates from the
second eigenenergy of HEFT by just over lo. Figure 4
shows that the D-wave Z(1530)K channel contributes
negligibly across all of the lowest four eigenstates. In
general, our model can describe this system near the
physical region very well.

From Fig. 3, the lattice QCD data typically lie near the
red bold lines, with the exception of the last datum. Our
HEFT analysis suggests that an early plateau associated
with the second excited state was fit, and further Euclidean
time evolution is required to resolve the lowest lying state.

In view of these considerations, we constrain ourselves
to the region m, <520 MeV in the fit. With the mass
slope also included in the fit for the first four lattice
QCD data, we obtain m%|Ptlys =2.150 £ 0.024 GeV and

a = 0.000 £ 0.144 GeV~!. This gives the pole at (2052 =+
20) — (13 = 2)i MeV with a slightly larger error bar for the
JP = 1/27 resonance. In this case, the width is much larger
than that of the Q(2012)".

However, recently the BESIII Collaboration reported a
new excited state, the €(2109), having a significance of
4.10, with mass 2108.5 & 5.2, + 0.9, MeV and width
18.3 £ 16.4, + 5.7, MeV [4]. Given the larger mass
and broader width, our analysis recommends the (2109)
is assigned spin-parity 1/27. This needs further experi-
mental confirmation through a direct measurement of the
spin and parity.

The sensitivity analysis of creation strength y: The dimen-
sionless parameter y characterizes the creation strength of

1.0

0.8
0.6} —— Bare

0.4F == Z(1530)-K

1 | N
0.1 0.2 0.3 0.4
m?2/GeV?

(b) 2nd eigenstate

.
0.1 0.2
m2/GeV?

(a) lst eigenstate

1.0 = 1.0p—=—= =

o.8F 4 osf b
;
/
oo/ 1 osf ]
,
04f - J o4 ]

0.2

——

T~ )
0.0 0.1 0.2 0.3 0.4

m2/GeV?

. .
0.1 0.2 0.3 0.4
m?/GeV?

(d) 4th eigenstate

(c) 3rd eigenstate

FIG. 4. Pion-mass dependence of the eigenvector components
with HEFT for the lowest four eigenstates of the J© = 1/2~
system.
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the quark—antiquark pair in the 3P, model. We adopt the
established value of y = 6.95 reported by different groups
in Refs. [24,81-84]. However, there should be some
uncertainty in determining this strength. Thus, we have
explored the effect of changing it by 10% or 20% in order
to see the sensitivity of our results. Its impacts on the finite-
volume spectra are plotted as brown and blue shades in
Figs. 1 and 3. As can be seen in the figures, such variations
of y induce small changes in the finite-volume energies,
which are less than the error bars of lattice QCD data.
The sensitivity of y also brings the uncertainties of poles
in the infinite volume. We list the poles with the error bars

2012+ 8,0 £ 9109, (17209 )]

—[1620.2,, 04100, (0800, )Ji MeV.  J” =3/2,
[2052 £ 20,0 £ 16100 (3220,
-[14 +25m0 + 4100, (82090) i MeV,  JF =1/27,

where the subscripts refer to the originations of the
uncertainties. One can notice that the changes of poles
resulting from 10% variation of y are close to those from the
Am?2 given by the previous fit program.

Summary. In this work, we have investigated the odd-parity
Q baryons with HEFT, including the bare Q and the
channels EK and Z(1530)K. The finite-volume spectra
with J¥ = 1/2 and 3/2 were analyzed and the pole
positions subsequently extracted from the infinite-volume
T matrix.

The lattice QCD simulations provide valuable informa-
tion for these Q- states. HEFT describes both the lattice
QCD data and the relevant resonances very well. The good
description of Q spectra indicates that the mass slope of the
E(1530) based on quark composition is reasonable. This
offers a reference point for future lattice QCD studies of =
baryons and their excited states. Based on the current
analyses, there exist two odd-parity € baryon resonances
with the pole positions around 2.0 ~2.2 GeV. The

resonance with 3/2~ has a narrow width and the other
with 1/27 has a broader width. This can be understood
simply as the threshold of the decay channel Z(1530)K is
very close to the masses of the resonances and thus
suppressed by the phase space. In addition, the ZK channel
is in D wave for 3/27 and S wave for 1/27. Therefore, it is
expected that the 3/27 state exhibits a narrower width.

The accuracy of the extracted pole position for 3/27 is
better than that for 1/27. We find a pole of the T matrix at
(2012 £8) — (1.6 £ 0.2)i MeV, meaning that the mass is
around 2012 MeV and the width is 3.2+ 0.4 MeV.
Therefore, the preferred spin-parity of the Q(2012)~ is
JP =3/27 in our approach.

For the J¥ = 1/2 resonance, the pole extracted from
the lattice QCD data is (2052 +20) — (13 £2)i MeV.
Compared with the experimental mass and width, it is
natural to associate Q(2109)~ with the assignment J© =
1/27 due to the higher mass and larger width.

As more data is generated on the lattice by using different
interpolating operators including momentum projected two-
particle meson-baryon interpolating fields, the assignment of
the Q(2109)~ with J¥ = 1/2~ may be improved. With more
precise lattice QCD and experimental data in the future, we
may also incorporate additional channels such as Q# and
EK*(892) to further refine the description of the ©(2012)~
and explore higher excited states.
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