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We develop and test a spectral-density analysis method, based on the introduction of smeared
energy kernels, to extract physical information from two-point correlation functions computed nu-
merically in lattice field theory. We apply it to a Sp(4) gauge theory with fermion matter fields
transforming in distinct representations, with Nf = 2 Dirac fermions in the fundamental and Nas = 3
in the 2-index antisymmetric representation. The corresponding continuum theory provides the min-
imal candidate model for a composite Higgs boson with partial top compositeness. We consider a
broad class of composite operators, that source flavored mesons and (chimera) baryons, for sev-
eral finite choices of lattice bare parameters. For the chimera baryons, which include candidate
top-quark partners, we provide the first measurements, obtained with dynamical fermions, of the
ground state and the lowest excited state masses, in all channels of spin, isospin, and parity. We
also measure matrix elements and overlap factors, that are important to realize viable models of
partial top compositeness, by implementing an innovative way of extracting this information from
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the spectral densities. For the mesons, among which the pseudoscalars can be reinterpreted to pro-
vide an extension of the Higgs sector of the Standard Model of particle physics, our measurements
of the renormalized matrix elements and decay constants are new results. We complement them
with an update of existing measurements of the meson masses, obtained with higher statistics and
improved analysis. The analysis software is made publicly available, and can be used in other lattice
studies, including application to quantum chromodynamics (QCD).
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I. INTRODUCTION

In the context of strongly coupled lattice gauge theories with matter field content, such as quantum chromody-
namics (QCD), the study of spectral densities provides a new tool for the analysis of numerical data with numerous
interesting applications [1–23]. It gives access to off-shell information encoded in the correlation functions computed
with lattices with finite spacings and sizes. It can be used to compute scattering amplitudes [3, 24], inclusive decay
rates [6, 11, 25, 26], in particular the inclusive decays of the τ lepton [27, 28], properties of glueballs [29] and of the
quark-gluon plasma (see, e.g., the reviews in Refs. [30–32], as well as Ref. [33]), with special reference to electrical
conductivity [34–36], and properties of heavy mesons travelling through the plasma [37, 38]. The Backus-Gilbert
algorithm for the reconstruction of spectral densities was originally proposed in Ref. [39], and for the purposes of
this paper we adopt one of its promising refinement: the Hansen-Lupo-Tantalo (HLT) algorithm [1]. Our first, gen-
eral aim is to demonstrate the numerical implementation of the HLT algorithm to study fermionic bound states in
strongly coupled field theories regulated on the lattice. We present a set of analysis methods that are based on the
reconstruction of spectral density information from lattice field theory. We test them on a theory that represents a
compelling candidate for new physics. Our second aim is then to extract novel information about this new theory,
useful for phenomenological studies, and to establish its viability.

Despite its astonishing successes and predictive power, the Standard Model of particle physics is not the complete
theory of fundamental interactions at the microscopic level. Besides the fact that it does not include a theory of
quantum gravity, there is also conclusive theoretical evidence that many of the SM couplings are affected by the
triviality problem. On the other hand, because these couplings become strong at short length scales, they require the
existence of a physical cut-off scale [40–46], beyond which a new, more fundamental theory determines the dynamics.
Complementary, phenomenological evidence of new physics is provided by the fact that the Standard Model cannot
explain the observed baryon asymmetry of the universe (the electroweak phase transition being too weak [47, 48]),
nor the origin of its dark matter (see the review [49]) and dark energy components [50].

An appealing framework for extensions of the Standard Model is obtained by postulating the existence of a new,
strongly coupled, non-abelian and confining gauge theory, and identifying some of the bosons and fermions in the
SM field content as composite states of this new theory. This approach is particularly suited to the two heaviest
among the SM particles: the Higgs boson and the top quark. In Composite Higgs Models (CHMs), in which the
Higgs boson is described as a composite pseudo Nambu-Goldstone boson (PNGB) [51–53], Top Partial Compositeness
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(TPC) also provides a mechanism for generating a large top quark mass. 1. The literature on these models is vast,
see for instance Refs. [65–111], the bottom-up holographic models in Refs. [112–127], and the top-down holographic
theories in Refs. [128, 129]. In all of these models, the new strong dynamics is coupled with SM fields and interactions
in such a way as to trigger electroweak symmetry breaking via a mechanism referred to as vacuum misalignment, in
juxtaposition to the classical work on vacuum alignment [130–132].

The signature of CHMs and TPC is the appearance of new particles, belonging to towers of bound states, with
masses at the electroweak scale and above. Lattice field theory is the natural instrument to study the properties of such
states, emerging in strongly coupled theories, and gain predictive power to guide experimental searches. A number
of investigations of candidate completions of CHMs exist, for gauge theories with SU(2) group and matter fields
transforming in the fundamental representation [133–142], with SU(4) group and fermion content in an admixture of
fundamental and 2-index antisymmetric representations [8, 10, 143–150], with SU(2) group and fermions transforming
as an admixture of fundamental and adjoint representations [151, 152]. The TELOS collaboration has developed an
extensive program of lattice studies of the Sp(2N) gauge theories with fermion matter fields transforming in an
admixture of fundamental and 2-index antisymmetric representations [57, 153–166], measuring masses and decay
constants of bound states, topological observables, and spectral densities—see also Refs. [167–171].

The theory of interest in this paper has Sp(4) gauge group, Nf = 2 Dirac fermions (hyperquarks) transforming
in the fundamental representation, and Nas = 3 in the 2-index antisymmetric representation. We occasionally refer
to the two species of fermions as type-(f) and type-(as), respectively. These choices yield the minimal theory that is
amenable to lattice calculations and can be used to combine the CHM and TPC paradigms [58, 172]. At low energies,
the global symmetry-breaking pattern in the type-(f) fermion sector is described by the SU(4)/Sp(4) coset, and the
SM electroweak gauge symmetries can be embedded so that the five PNGBs are reinterpreted in terms of the Higgs
doublet supplemented by a real singlet. Among the bound states are fermions, made of two type-(f) and one type-(as)
hyperquarks, called chimera baryons. As the coset describing symmetry breaking in the type-(as) fermion sector is
SU(6)/SO(6), it is possible to embed the SU(3) gauge symmetry of the Standard Model in the unbroken SO(6),
so that some of the chimera baryons have the same quantum numbers as the top quark, and hence they can act as
top partners in the TPC mechanism. Of the two additional U(1) factors acting on the two types of fermions, one
linear combination is anomalous, while the complementary one is broken explicitly only by the hyperquark masses—
the phenomenology of the associated, unflavored PNGBs is of interest in itself [60] (see also Refs. [79, 83, 173–175]
and [165, 169]), but will be further discussed elsewhere [176], while we focus only on flavored states in this paper.

Extensive lattice studies of this theory have been performed both in the quenched approximation [153, 155, 162,
163] or with dynamical treatment of one of the fermion species [154, 166]. Work on the theory with dynamical fermion
in the case of Nf = 2 and Nas = 3 is more recent [158, 164, 165]. In particular, Ref. [164] considers a selection of
lattice ensembles, with several fermion masses and finite lattice coupling, and presents the spectrum of flavored mesons,
made of either type-(f) and type-(as) fermions. In this paper, we improve the statistics by enlarging the ensembles,
and update the mass measurements for the flavored mesons. As in Ref. [164], we work with Wilson fermions, and
generate the relevant ensembles with an admixture of Hybrid Monte Carlo (HMC) [177] and Rational Hybrid Monte
Carlo (RHMC) algorithms [178], performed within the Grid software suite [179–181], with the adaptations needed to
implement symplectic groups [161]. Observables are computed from gauge configurations using the HiRep code [182–
184]. The (flavored meson) correlation functions of interest are computed by applying Wuppertal smearing [185–187]
supported by APE smeared [188, 189] gauge links. The spectroscopic analysis uses both a variational analysis based
on the generalized eigenvalue problem (GEVP) algorithm [190], and an implementation of the HLT spectral density
algorithm that uses Gaussian as well as Cauchy kernels. We compare these approaches for consistency, and to estimate
the methodology systematics.

There are two major elements of novelty to the analysis presented in this paper, besides the aforementioned
improved statistics. First, we apply a combination of variational analysis and HLT algorithms to the spectroscopy of
chimera baryons. We obtain the first measurements of the masses of such composite fermions in both spin-1/2 and
spin-3/2 channels, for both even- and odd-parity projection, and for composite states transforming as the 5 and 10
representations of the global, unbroken Sp(4) symmetry group. Second, we make the first non-trivial steps towards
implementing a genuine off-shell treatment of the correlation functions, by computing vacuum matrix elements for
meson as well as chimera baryon operators, extracting decay constants and overlap factors, by combining the use of

1 See the reviews in Refs. [54–57], and the summary tables in Refs. [58–64]
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smeared and point-like sources.2 We renormalize the matrix elements and overlap factors by matching them at the
1-loop order [192, 193]. We critically discuss our results and compare them to the literature on other theories, to
assess both the validity of our approach, and the viability of this specific theory as a new physics candidate. Our
results are currently at a single lattice spacing, but the continuum limit—deferred to future work—will enable more
definitive statements about the viability of the theory with a view to partial compositeness.

Spectral densities can also be used to test non-trivial properties of interacting field theories. For example,
the off-shell information they encode could be used in relation to the Weinberg sum rules, and the properties of
spectral functions [194–196]. While motivated by a specific candidate for new physics beyond the Standard Model,
our methods—particularly the reconstruction of spectral densities (Sect. IVB)—are broadly applicable to strongly
coupled gauge theories, including but not limited to QCD. These techniques offer valuable tools for model building
and phenomenology across a wide class of strongly interacting theories, and our results demonstrate the effectiveness
of the methodology.

The paper is organized as follows. In Sect. II we introduce the field theory of interest and its lattice discretization,
discuss our choices and conventions, and describe in detail our ensemble generation process, including the checks we
performed on thermalization, topology, and autocorrelation. We present the procedures we adopt for the extraction
of masses, matrix elements, decay constants, and overlap factors in Sect. III. The HLT algorithm used in our spectral
density analysis is presented in Sect. IV, together with some details about its numerical implementation. The main
numerical results are summarized in Sect. V, both for mesons and baryons, by comparing spectra, matrix elements and
overlap factors across all available channels. We conclude with an outlook, in Sect. VI, outlining future research. The
paper is completed by four Appendices, which provide technical details on the smearing techniques (A), a description
of the renormalization of chimera-baryon overlap factors (B), a comprehensive tabulation of numerical results (C),
and a comparison with matrix elements computed with stochastic wall sources (D).

II. LATTICE FIELD THEORY

In this section, we introduce the theory of interest, by defining its continuum and discretized actions. We provide
a characterization of the ensembles used in the analysis, which have higher statistics with respect to those used for
Ref. [164]. We report the number of configurations as well as an updated and detailed discussion of the topological
charge and autocorrelation times.

A. Continuum action and global symmetries

The Sp(4) gauge theory is coupled to Nf = 2 Dirac fermions, QI , transforming in the fundamental representation
(with I = 1, 2), together with Nas = 3 Dirac fermions, Ψk, in the two-index antisymmetric representation (with
k = 1, 2, 3). The Lagrangian density, in the continuum theory and with flat Minkowski geometry, is given by

L = −1

2
TrGµνG

µν +

Nf∑
I=1

Q̄I
(
iγµD(f)

µ −mf
I

)
QI +

Nas∑
k=1

Ψ̄k
(
iγµD(as)

µ −mas
k

)
Ψk, (1)

where Gµν is the field-strength tensor of Sp(4): the trace is over gauge indices, which we leave implicit: D(f)
µ and

D(as)
µ denote the covariant derivatives in the two fermion representations, respectively: γµ are Dirac gamma matrices,

while I and k are flavor indices. We assume mass-degenerate fermions, i.e. mf
I = mf and mas

k = mas.

The fundamental representation is pseudo-real, while the antisymmetric representation is real. Thus, the La-
grangian has a global SU(2Nf) × SU(2Nas) × U(1)f × U(1)as symmetry. The bilinear condensates of the fermions
break SU(2Nf) → Sp(2Nf) and SU(2Nas) → SO(2Nas) [131, 197]. Concurrently, the mass terms explicitly break the
symmetry, giving masses to the associated PNGBs. For Nf = 2 and Nas = 3, there are 5 + 20 PNGBs associated
with the (SU(4)× SU(6))/(Sp(4)× SO(6)) coset. One linear combination of the U(1) factors is broken by the axial
anomaly, whereas the orthogonal U(1) is expected to break spontaneously, producing an additional PNGB, the mass

2 For this work, we do not use the alternative approach, based on local, unsmeared operators and stochastic wall sources [191], but see
Appendix D.
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and composition of which is controlled by the mass terms in Eq. (1) and the non-perturbative dynamics. The non-
anomalous combination has potentially interesting phenomenological implications [60, 83, 173–175], but will not play
a role in this paper, as its analysis requires implementing dedicated technology, which we will pursue elsewhere [176].

B. Lattice action

We discretise the Wick-rotated, Euclidean action, on hyper-cubic lattices with Ns sites in the spatial and Nt > Ns

sites in the temporal direction. We denote the lattice spacing as a, so that the total lattice volume is V4 = L3 × T =
a4N3

sNt. We impose periodic boundary conditions for the gauge fields and the spatial boundaries of the fermion fields.
We use anti-periodic boundary conditions for the temporal boundaries of the fermion fields. We adopt the standard
Wilson plaquette action for the Sp(2N) gauge fields, which we write [57, 158, 161], as follows:

Sg = β
∑
x

∑
µ<ν

(
1− 1

2N
Re Tr

(
Uµ(x)Uν(x+ µ̂)U†

µ(x+ ν̂)U†
ν (x)

))
. (2)

The lattice coupling, β, is related to the bare gauge coupling, g, β ≡ 4N/g2. The gauge links, Uµ(x), are labelled by
the directions on the lattice, µ, ν, with µ̂, ν̂ denoting unit vectors. Fermions are described by the standard Wilson
action (without a clover term) [198]:

Sf = a4
Nf∑
I=1

∑
x,y

Q
I
(x)D(f)(x, y)QI(y) + a4

Nas∑
k=1

∑
x,y

Ψ
k
(x)D(as)(x, y)Ψk(y) . (3)

Here, D(f)(x, y) and D(as)(x, y) denote the lattice Dirac operators in the associated representations. Following the
notation in Ref. [161], the Dirac operator in a given representation R is defined as

D(R)(x, y) =

(
4

a
+mR

0

)
δ(x, y) − 1

2a

4∑
µ=1

{
(1− γµ)U

(R)
µ (x)δ(x+ µ̂, y) + (1 + γµ)U

(R)†
µ (x)δ(x− µ̂, y)

}
,

with mR=f, as
0 the bare masses, and U

(R=f, as)
µ (x) the link variables for each representation.

The effects of dynamical fermions are included in the ensemble generation via the Hybrid Monte Carlo (HMC)
algorithm [177] for the (f)-type fermions and the Rational HMC (RHMC) algorithm [178] for the (as)-type ones.
Despite the odd number of (as) fermions, the determinant of the Dirac operator is positive and real [199] (see also
Ref. [158]). In summary, the action has three parameters: the inverse coupling, β = 8/g2, and the fermion masses,
amf

0 and amas
0 . All the ensembles used in this work have the same values for β = 6.5 and amas

0 = −1.01, while amf
0

is varied between different ensembles. The choice of the coupling β is at sufficiently weak coupling regime and thus
free from the unwanted systematics associated with the bulk phase transition at strong coupling of the lattice theory.
We refer to Ref. [158] for further details. In addition, we vary the size of space and time directions, Ns and Nt.

C. Scale setting and topology

We set the scale using the gradient flow [200–202], and its lattice counterpart, the Wilson flow [203]. For this
purpose, we define a new observable, W(t), as a function of gradient-flow time, t, as follows:

W(t) ≡ d

d ln t

{
t2⟨E(t)⟩

}
, (4)

where ⟨E(t)⟩ is the space and ensemble average of the quantity

E(t, x) ≡ −1

2
TrGµν(t, x)Gµν(t, x) . (5)

In this expression, the field-strength tensor in Euclidean space-time, Gµν(t, x), is defined starting from a new gauge
field, Aµ(t, x), living in five dimensions, which themselves are determined by identifying the four-dimensional gauge
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TABLE I: Ensembles studied in this paper. For each ensemble, we list the lattice parameters, β, amf
0, am

as
0 , Nt, and Ns,

as well as the number of thermalization trajectories we discarded, Ntherm, the number of trajectories between configurations
we retained, nskip, and the number of remaining configurations, Nconf , while skipping every nskip trajectories. The length
for each trajectory is set to unit, τ = 1. We also report the average plaquette, ⟨P ⟩, and the Wilson flow scale, w0/a. The
integrated autocorrelation time is estimated in four ways, using four different reference observables: the average plaquette, τP

int,
the 2-point correlation function of the 2-index antisymmetric pseudoscalar (ps) meson, τps

int, the energy density at flow time

t = (w0/a)
2, τw0

int , and the topological charge, τQ
int. All results for the autocorrelation time are expressed in units of nskip. The

last column shows the average topological charge, Q̄, obtained with a Gaussian fit of the distribution of topological charges of
the configurations.

Label β amf
0 amas

0 Nt Ns Ntherm nskip Nconf ⟨P ⟩ w0/a τ
⟨P ⟩
int τQ

int τw0
int τps

int Q̄
M1 6.5 -0.71 -1.01 48 20 3006 14 873 0.5851679(88) 2.5222(46) 3.3(1.8) 12.7(7.0) 14.8(8.2) 1.93(67) 0.052(73)
M2 6.5 -0.71 -1.01 64 20 1000 28 737 0.5851719(84) 2.5297(42) 2.7(1.4) 7.6(4.5) 10.4(5.8) 1.8(1.0) 0.490(98)
M3 6.5 -0.71 -1.01 96 20 4000 26 1471 0.5851565(48) 2.5245(25) 2.12(65) 6.9(1.6) 6.8(2.0) 1.55(45) -0.541(80)
M4 6.5 -0.7 -1.01 64 20 1000 20 888 0.5842346(75) 2.3672(35) 2.32(89) 10.2(4.3) 10.3(4.2) 1.97(57) -0.05(11)
M5 6.5 -0.72 -1.01 64 32 3020 20 295 0.5860810(66) 2.6936(31) 1.90(87) 11.6(7.3) 7.0(3.3) 2.1(1.2) 0.80(24)

field as the five-dimensional one evaluated at vanishing flow time, t = 0, and then evolving it by solving the differential
flow equation

dAµ(t, x)

dt
= DνGνµ(t, x) , with Aµ(t = 0, x) = Aµ(x) . (6)

The gradient flow scale, w0, is defined by setting a convenient reference value, W0, and measuring the flow time it
takes for the flow to reach it [204]. We adopt the conventional choice W(t)|t=w2

0
= W0 ≡ 0.2815 [160]. All dimensional

quantities are expressed in units of w0. Lattice measurements of w0/a, obtained by discretizing Eq. (6) using the
clover operator, are shown in Tab. I, which also displays a complete characterization of the ensembles.

The topological charge, Q, of the continuum theory is defined as:

Q(t) ≡ 1

32π2

∫
d4x ϵµνρσ TrGµν(t, x)Gρσ(t, x) . (7)

On the lattice, we follow the procedure described in details in Ref. [160], and compute Q on gauge configurations
smoothened via the gradient flow, in order to suppress short-distance fluctuations. By inspection, we find that the
distribution of Q appears Gaussian in all the ensembles. We report in Tab. I the average value of the topological
charge, Q̄, obtained by a Gaussian fit over the ensemble distribution of Q.

D. Ensemble updates and autocorrelation

Gauge configurations are generated using the Grid software [179–181], supplemented by the Sp(2N) dedicated
package [161]. For this work, we expand the statistics of the ensembles M1-M5 considered in Ref. [164]. We adopt the
(R)HMC algorithms to include the effect of the fermions. In each Monte-Carlo update (or trajectory) for the gauge
configurations, the numerical integration of molecular dynamics equations (which include contributions from both
the gauge bosons and the two types of fermions) is followed by a Metropolis test to accept/reject the trajectories.
For each ensemble, we measure and report in Tab. I all the lattice parameters, as well as the average plaquette, ⟨P ⟩,
defined as

⟨P ⟩ ≡ 1

6NtN3
s

∑
x

∑
µ>ν

ReTr
1

2N

[
Uµ(x)Uν(x+ µ̂)U†

µ(x+ ν̂)U†
ν (x)

]
. (8)

In order to assess the degree of residual autocorrelation in our ensembles, we proceed to study the integrated
autocorrelation time, τint, in each ensemble. We do so by exploiting four different observables, hence obtaining four
estimates of τint. For each observable X, the integrated autocorrelation time, τXint, is defined as [205–207]:

τXint =
1

2
+

τmax∑
τ=1

ΓX(τ) , (9)
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TABLE II: Interpolating operators used for flavored mesons, classified by spin, J , parity, P , and irreducible representations
under the action of the unbroken global Sp(4) and SO(6) symmetries, acting on (f)-type and (as)-type fermions, respectively.
We follow the naming conventions of Ref. [164], except that we denote as 20′ the traceless symmetric self-conjugate 2-index
representation of SO(6) ∼ SU(4), to distinguish it from the 20 and 20′′ of SU(4).

Label Interpolating operator O JP Sp(4) SO(6)
PS Q̄1γ5Q2 0− 5 1
V Q̄1γiQ2 1− 10 1
T Q̄1γ0γiQ2 1− 10 1
AV Q̄1γ5γiQ2 1+ 5 1
AT Q̄1γ0γ5γiQ2 1+ 10 1
S Q̄1Q2 0+ 5 1

ps Ψ̄kγ5Ψ
ℓ 0− 1 20′

v Ψ̄kγiΨ
ℓ 1− 1 15

t Ψ̄kγ0γiΨ
ℓ 1− 1 15

av Ψ̄kγ5γiΨ
ℓ 1+ 1 20′

at Ψ̄kγ0γ5γiΨ
ℓ 1+ 1 15

s Ψ̄kΨℓ 0+ 1 20′

where ΓX(τ) is the autocorrelation function of the observable X

ΓX(τ) =

N−τ∑
i=1

(
Xi − X̄

) (
Xi+τ − X̄

)
N − τ

. (10)

Here, τ = 1, . . . , N is the Monte-Carlo time, Xi denote measurements of the observable in consideration, and X̄
their arithmetic mean. We skip nskip Monte Carlo trajectories and retain Nconf configurations in each ensemble. We
report in Tab. I the resulting four measurements of the autocorrelation, for all the ensembles, as well as our choices
of nskip and Nconf . Although the four estimates of the autocorrelation τint are computed on the remaining Nconf

configurations only, our results still present τint > 1. Therefore, we conclude that the configurations used for this
paper are still affected by a moderate amount of residual autocorrelation.

In particular, by inspecting the autocorrelation time in the topological charge, τQint, andWilson scale, τw0

int , shown in
Tab. I, we observe the presence of some residual autocorrelation in these observables, a sign of mild topological freezing.
For further discussion, we refer to Ref. [164]. We also discarded the first Ntherm updates, to ensure thermalization,
and checked that no residual thermalization is present, by partitioning the ensembles and repeating the measurement
of observables on different portions of the ensembles, to find consistency among different partitions.

III. MASS SPECTRA, MATRIX ELEMENTS AND OVERLAP FACTORS FROM CORRELATION
FUNCTIONS

In this section, we describe the interpolating operators used to construct the correlation functions from which
we extract the spectrum and the matrix elements of mesons and (chimera) baryons, and the analysis we employ.
The meson and chimera baryon correlation functions were measured using the HiRep code [182, 183], extended to
symplectic gauge groups [184], after converting configurations, generated with Grid, using the GLU library [208].

A. Interpolating operators and correlation functions for mesons

The interpolating operators of flavored mesons are listed in Tab. II, following the conventions of Ref. [164]. They
take the general form

Of(x) = Q̄1(x)ΓQ2(x) , (11)

Oas(x) = Ψ̄1(x)ΓΨ2(x) , (12)

where Γ is a product of Dirac gamma matrices that selects a channel with given spin and parity, JP . When using
γi, the index takes values i = 1, 2, 3. Starting from these localized operators, we construct spatially smeared ones,
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TABLE III: Quantum numbers of the chimera baryons studied for this paper. For each chimera baryon, we list the matrix
appearing in the interpolating operator, Γ1, appearing in Eq. (16), the spin, J , and the irreducible representations of the
unbroken global Sp(4) and SO(6) symmetries, acting on (f)-type and (as)-type fermions, respectively.

baryon Γ1 J Sp(4) SO(6)
ΛCB γ5 1/2 5 6
ΣCB γi 1/2 10 6
Σ∗

CB γi 3/2 10 6

by applying Wuppertal smearing to the fermion fields. We also smoothen the gauge fields using APE smearing. We
follow the smearing procedure outlined in Appendix A, and we use the same choice of parameters as in Ref. [164]:
the APE smearing parameters are αAPE = 0.4 and NAPE = 50, the Wuppertal smearing parameters are εf = 0.20
and εas = 0.12 for ensembles M1–M4, and εf = 0.24 and εas = 0.12 for ensembles M5. Different smeared operators,
obtained with different number of smearing steps at sink and source, are retained in the variational analysis used in
the measurements.

For general momentum, the correlation functions of interest are defined as:

CAB(t, p⃗) ≡
1

N3
s

∑
x⃗

e−ip⃗·x⃗⟨OA(t, x⃗)ŌB(0, 0)⟩ , (13)

and setting the spatial momentum, p⃗, to zero, we find the two-point correlation functions of the interpolating operators

CAB(t) ≡
1

N3
s

∑
x⃗

⟨OA(t, x⃗)ŌB(0, 0)⟩ . (14)

From these, we can measure masses and matrix elements as follows. Taking the lattice periodicity into account, at
large Euclidean times the correlation function, for mesons with OA = OB , behaves as follows,

Cmeson(t) ≈ A
(
e−mt + e−m(T−t)

)
, (15)

where m is the energy of the ground state, and the normalization coefficient, A, contains the information of the
matrix element of the interpolating operator between the meson ground state and the vacuum. Once the two-point
correlation function is measured, we can then extract m and A by fitting the above functional form.

B. Interpolating operators and correlation functions for chimera baryons: spin and parity projection

Following the notations and conventions of Ref. [158], we write the chimera baryon operators in the general form:

OΓ1Γ2

CB,α(x) =
(
Qa,β1

1 (x) (C Γ1)β1β2
Qb,β2

2 (x)
)
ΩadΩbcΓ2,αβ3

Ψcd,β3(x) , (16)

where Ω is the symplectic matrix and C is the charge-conjugation matrix. Latin letters are used for color indices, and
Greek letters for spinor indices. While Γ1,2 could, in principle, denote any product of gamma matrices, in this paper
we set Γ2 = 1, while Γ1 = γ5 or Γ1 = γi. Hence, throughout this paper, we denote the baryon operators as OΓ

CB,α,
with Γ = Γ1—we occasionally omit an index, to indicate that the relations we write apply to all operators that differ
only by that index.

We expect the chimera baryon states to have definite parity; hence we project the correlator, CCB,αβ(t) ≡
⟨OCB,α(t)OCB,β(0)⟩, defined in analogy with Eq. (14), to its parity-even and parity-odd components using the pro-
jectors P± = (1± γ0)/2:

C±
CB,αβ(t) ≡ P±,αα1

CCB,α1β(t) . (17)

At large Euclidean times, on a lattice with anti-periodic boundary conditions for the fermions in the time direction,
the projected correlation functions for chimera baryons behave as

C±
CB(t) ≈ (A±e

−m±t −A∓e
−m∓(T−t))P± , (18)
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where we understand spinorial indices, A± are proportional to the vacuum-to-hadron matrix elements, for the parity-
even and parity-odd state, respectively, and m± are the ground state masses of even and odd states.

Since the baryon operators defined with Γ1 = γi source both spin-1/2 and spin-3/2 states, we decompose the
correlation functions involving such baryon operators by projecting them onto components with definite spin. Starting
from the zero-momentum correlation function

Cij
CB,αβ(t) ≡

1

N3
s

∑
x⃗

⟨Oγi

CB,α(t, x⃗)Ō
γj

CB,β(0, 0)⟩ , (19)

we project to states with a definite spin quantum number with the following definitions:

C
(1/2)
CB,αβ(t) ≡P

(1/2)
ij Cij

CB,αβ(t) =
1

3
γiγjC

ij
CB,αβ(t) , (20)

C
(3/2)
CB,αβ(t) ≡P

(3/2)
ij Cij

CB,αβ(t) =

(
δij −

1

3
γiγj

)
Cij

CB,αβ(t) . (21)

We report the quantum numbers of the three operators of interest in Tab. III. By analogy with hadrons in QCD, we
denote the state sourced with Γ1 = γ5 as ΛCB, the spin-1/2 projection of the state interpolated by Γ1 = γi as ΣCB,
and its spin-3/2 partner as Σ∗

CB.

C. Spectroscopy: Generalized Eigenvalue Problem

For the numerical analysis, after applying APE smearing to the configurations, we build a basis of interpolating
operators by (Wuppertal) smearing those given in Eqs. (12)-(16), and perform a variational analysis of all channels
under investigation, aimed at optimizing the signal of the lowest-lying states, while also gaining access to excited
states. Following the procedure applied for mesonic operators in Ref. [164], we construct three different smeared
operators, {Oi}, for each meson and chimera baryon operator, by choosing Nsource, Nsink = 0, 40, 80. This process
generates a variational basis of correlation functions, so that the correlation matrix C(t) has nine elements, which we
denote as CNsource, Nsink

(t), with Nsource, Nsink ∈ {0, 40, 80}. In the special case of the JP = 1− mesons, the same
tower of states is sourced by two of the meson operators listed in Tab. II, hence we further use the cross-channels
interpolating operators V and T, for (f)-type fermions, and v and t, for (as)-type ones, widening the correlation matrix
to 36 elements.

For any given correlation matrix of interest, generically denoted as C(t), we extract the energy levels from the
eigenvalues, λn(t, t0), which solve the Generalized Eigenvalue Problem (GEVP) defined as:

C(t)vn(t, t0) = λn(t, t0)C(t0)vn(t, t0) , (22)

where vn are the GEVP eigenvectors. A discussion of how systematic effects depend on the energy gap, ∆En =
minm̸=n |aEm − aEn|, proportionally to terms O

(
e−∆Ent0

)
can be found in Ref. [190]. Our choice is t0 = 1.

We can then extract the energy levels by performing a fit to the eigenvalues at large Euclidean time. The fit
functions for the mesons and (parity-projected) baryons are given by Eqs. (15) and (18), respectively. In order to
determine the fit interval for the chimera baryons, it is convenient to introduce the difference of eigenvalues

λ̃±
CB(t) =

1

2

[
λ±
CB(t)− λ∓

CB(T − t)
]
, (23)

which selects only the parity-even or parity-odd contributions in Eq. (18). We then examine the effective mass, meff(t),
defined implicitly by the relation

λ(t− 1)

λ(t)
=

e−meff (t)·(T−t+1) ± e−meff (t)·(t−1)

e−meff (t)·(T−t) ± e−meff (t)·t
, (24)

where the relative sign of the exponential terms is chosen to take the lattice periodicity of the eigenvalues into account.
We identify the fitting range of the correlation function by the range of t for which the effective mass displays an
approximately constant behavior (plateau).
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D. Matrix elements and overlap factors

For the mesons and chimera baryon states that are accessible to our spectroscopic measurements, it is also
possible to provide estimates of the corresponding hadron-to-vacuum matrix elements. They are extracted from the
coefficients in front of the exponential terms in the correlation functions, in Eqs. (15) and (18). For mesons, we write3

CM
Nsource, Nsink

(t) =
∑
n

1

2En
⟨0|ONsource,|eM,n⟩⟨eM,n|ŌNsink

|0⟩
[
e−Ent + e−En(T−t)

]
. (25)

For all of the meson operators listed in Tab. II, one can define the decay constants of the particles they source in
terms of the matrix elements of local operators. We restrict our attention to pseudoscalar, vector and axial-vector
channels, for which the numerical signal is under good control, and use the following definitions:4

⟨0|Q̄1γ5γµQ2|PS⟩ =
√
2fPSpµ ⟨0|Ψ̄1γ5γµΨ2|ps⟩ =

√
2fpspµ (26)

⟨0|Q̄1γµQ2|V⟩ =
√
2fVmVϵµ, ⟨0|Ψ̄1γµΨ2|v⟩ =

√
2fvmvϵµ, (27)

⟨0|Q̄1γ5γµQ2|AV⟩ =
√
2fAVmAVϵµ, ⟨0|Ψ̄1γ5γµΨ2|av⟩ =

√
2favmavϵµ. (28)

In these expressions, ϵµ is the polarization vector, transverse to the momentum, pµ, so that pµϵ
µ = 0 and normalized

so that ϵ∗µϵ
µ = 1. In contrast to what is done for the mass determination, in the process of measuring matrix elements

we do not carry out a variational analysis with multiple smearing levels. Rather, we perform a simultaneous fit based
on Eq. (25), applied to the following selected subset of matrix elements:

C80, 80(t) ≡ ⟨O80(t) Ō80(t)⟩ , and C80, 0(t) ≡ ⟨O80(t) Ō0(t)⟩ , (29)

which contain both smeared and local operators. From the result, we extract the local matrix elements in Eqs. (26)-
(28).

The decay constants renormalize multiplicatively, and hence, following Refs. [192, 193], we define

f ren
PS =Zf

AfPS , f ren
ps =Zas

A fps , (30)

f ren
V =Zf

V fV , f ren
v =Zas

V fv , (31)

f ren
AV =Zf

AfAV , f ren
av =Zas

A fav . (32)

The renormalization coefficients, ZR
M , depend on the fermion representation, R. We determine them by a 1-loop

calculation in lattice perturbation theory, and matching it with the calculation in the MS scheme from the vertex
renormalization, consistently with earlier work reported in Ref. [154, 166]. The resulting coefficients can be written
as follows [192]:

ZR
A = 1 +

CRg2

16π2⟨P ⟩ (∆Σ1
+∆AV) , ZR

V = 1 +
CRg2

16π2⟨P ⟩ (∆Σ1
+∆V) , (33)

where ⟨P ⟩ is the average plaquette, that appears in these expressions to implement tadpole improvement of the
gauge coupling [193], CR is the quadratic Casimir, with Cf = 5/4 and Cas = 2, and the numerical coefficients are
∆Σ1

= −12.82, ∆AV = −3.0, and ∆V = −7.75.

The matrix elements of the (chimera) baryon operators are defined in analogy to the baryons in QCD—see, e.g.,
Ref. [209] and references therein. We write the operators in the form of Eq. (16), and define the overlap factor, KB ,
for each chimera baryon, B, by using local (unsmeared) interpolating operators. In particular, we are interested in
the following matrix elements:

⟨0|Oγ5,1
CB,α|Λ(p⃗, s)⟩ ≡ KΛ us,α(p⃗) , ⟨0|Oγi,1

CB,α|Σ(p⃗, s)⟩ ≡ KΣ us,α(p⃗) , (34)

3 We denote by
∣∣eM,n

〉
a complete set of energy eigenstates associated with the two-point correlation function of interest, with given

meson channels labelled by M . It may be helpful to highlight that
∣∣eM,0

〉
̸= |0⟩, as the former is the lowest-lying state, and the latter

is the vacuum.
4 The normalizations are chosen so that, when applied to 2-flavor QCD, one finds fPS = fπ ≃ 93 MeV. In the definition of fPS, in
practice, we set µ = 0 and pµ=0 = mPS.
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where us(p⃗) is an on-shell Dirac spinor with momentum p⃗ and spin projection s associated to the chimera baryon
states with defined parities, |Λ(p⃗, s)⟩ and |Σ(p⃗, s)⟩, respectively. The overlap factors quantifies the coupling strength
between interpolating operators and physical states.

We write the baryon correlation function at finite momentum as follows [209]:

CCB,αβ(t, p⃗) =
1

N3
s

∑
x⃗

e−ip⃗·x⃗ ⟨OCB,α(t, x⃗)ŌCB,β(0, 0)⟩ =
∑
n

∑
s

|KB,n|2us,αūs,β

2En(p⃗)
e−En(p⃗) t , (35)

where we show explicitly the dependence on the momentum and the summations over spin projection labels, s, and
energy levels, n. In the zero-momentum limit and for single particle states, En → mn is the mass, and the sum over
the spinors is

∑
s usūs = ±2mnP±. The overlap factors, associated with the spin-projected operators and correlation

functions described in Sect. III B, can be found by using the fitting form:

C±
CB(t) = ±

∑
n

|KB,n|2e−EntP± . (36)

The numerical results for the overlap factors are extracted by simultaneous fits of correlators containing smeared and
local operators, following the meson case described in Eq. (29).

In analogy to the mesons, to account for multiplicative renormalization of baryon operators in Tab. III, we define
the renormalized overlap factors via the following relations:

Kren
Λ = ZCB,γ5 |KΛ| , Kren

Σ = ZCB,γi |KΣ| , (37)

in which we identify the overlap factors of interest with the ground state elements, KΛ = KΛ,0 and KΣ = KΣ,0.
5 The

detailed derivation of the renormalization factors, ZCB,γ5
and ZCB,γi

, is provided in Appendix B. They are given by:

ZCB,γ5
= 1 +

g2

16π2⟨P ⟩

[(
Cf +

1

2
Cas

)
∆Σ1

+∆CB[γ5]

]
, (38)

ZCB,γi
= 1 +

g2

16π2⟨P ⟩

[(
Cf +

1

2
Cas

)
∆Σ1

+∆CB[γi]

]
, (39)

where ⟨P ⟩, Cf , Cas, and ∆Σ1
are the same constants appearing in the renormalization of the mesons, while the

numerical values of the vertex corrections are determined for the first time in this work and at the renormalization
scale µ = 1/a in the MS scheme are the following:

∆CB[γ5] = −26.67, ∆CB[γi] = 18.12 . (40)

IV. SPECTRAL DENSITIES

In this section, we discuss the spectral density reconstruction algorithm, and apply it to the extraction of masses
and matrix elements of composite states. This work expands on the study presented in Ref. [164], which focused on
the mesons and their masses, by including the (chimera) baryon spectrum and matrix elements. As we exemplify the
algorithm by performing measurements on the same theory as in Ref. [164], but with enhanced statistics, our results
represent also an update for the masses of the mesons. We have implemented our method in the Python package
LSDensities, publicly available in Ref. [210]. We devote special attention to the presentation of our estimates of the
systematic uncertainties in the reconstruction process and to the discussion of the parameter choices.

A. The Hansen-Lupo-Tantalo method

The spectral density, ρ(E), of a generic two-point correlation function, C(t), is defined by:

C(t) ≡
∫ ∞

Emin

dE ρ(E) b(t, E) , (41)

5 The examination of the overlap factors and matrix elements for the excited states is also an interesting development, but it requires
high statistics and therefore it is deferred to future investigations.
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where

b(t, E) ≡ b+(E)e−t E + b−(E)e−(T−t)E . (42)

Eq. (42) is a generalization of the Laplace transform to a finite temporal extent, while Emin can be chosen between
zero and the ground state energy for the channel under consideration.

Lattice data is provided as measurements, Ck(t), labeled by k = 1, . . . , Nm (with Nm ≤ Nconf bounded by the
number of configurations in the ensembles listed in Tab. I), where t is discrete and t ≤ tmax ≤ aNt/2. Reconstructing
spectral densities from the average of a finite number of noisy measurements is an ill-posed problem. Yet, several
methods have been proposed to reliably compute spectral densities, among which we adopt the HLT method, which
is based on a modification of the Backus-Gilbert algorithm, tailored for lattice simulations [1, 39].

The HLT method requires to introduce the smeared spectral density, ρσ(ω), defined as:

ρσ(ω) ≡
∫ ∞

Emin

dE∆σ(E − ω) ρ(E) , (43)

where ∆σ(E−ω) is a smearing kernel with finite smearing radius, σ. In a finite volume, ρ(E) becomes a sum of Dirac
δ functions, peaked across the discrete eigenvalues of the Hamiltonian of the physical system considered; the chosen
kernels, ∆σ, are designed to smoothen the δ functions, but approach δ functions in the limit σ → 0. Hence, using
Eq. (43), the physical spectral density can be obtained as a limiting case, σ → 0.

Given a choice of smearing kernel, one approximates it as a sum of tmax basis functions, hence introducing the
reconstructed kernel, ∆̄σ, defined as

∆̄σ(E − ω) ≡
tmax∑
t=a

gt(ω, σ) b(t, E) . (44)

The coefficients are determined by minimizing the following functional:

A[⃗g] ≡
∫ ∞

Emin

dE eαE
∣∣∆̄σ(E − ω)−∆σ(E − ω)

∣∣2 , (45)

which measures the difference between the reconstructed kernel, ∆̄σ(E − ω), and the target one, ∆σ(E − ω). The
strength of this representation is that it is exact for tmax → ∞, where the minimum of A[⃗g] is zero. The unphysical
parameter, α, characterizes different choices of norm in the functional space [10]: changing its value and ensuring that
the results are compatible provides a useful cross-check.

If the two-point correlation functions were known with infinite precision, minimising Eq. (45) would be sufficient to
solve the inverse problem exactly. However, solving the inverse problem requires dealing with a highly ill-conditioned
system. For this reason, even minor uncertainties or errors in the input correlation functions will severely destabilize
the numerical solution, posing a significant obstacle to the calculation. A solution to this problem was proposed in
Ref. [39], and a regularization of this process can be built by introducing an additional functional:

B [⃗g] ≡
tmax∑
t, t′=a

gt Covtt′ [C] gt′ , (46)

derived from the covariance matrix associated with the correlation functions, C(t), defined as

Covtt′[C] ≡ 1

Nm

Nm∑
k=1

(
Ck(t)− ⟨C(t)⟩

)(
Ck(t

′)− ⟨C(t′)⟩
)
, (47)

where ⟨C(t)⟩ is the average over the measurements at given t. We then minimize the following combination of
functionals:

W [⃗g] =
A[⃗g]

A[0]
+ λ

B [⃗g]

Bnorm(ω)
, (48)
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FIG. 1: Illustrative examples of the plateaux in the spectral density reconstructed with the HLT method, for a fixed value of
the energy, ω. The underlying data correspond to the correlation function of pseudoscalar mesons made of (f)-type fermions, in
ensemble M1 in Tab. I, using tmax = aNt/2, σ = 0.33amPS. In the top panel, the reconstructed spectral density, ρ̂σ(ω), is shown
as a function of the trade-off parameter, λ, for three choices of α = 0, 1.00, 1.99. The horizontal band is our best estimate,
its width representing the statistical error. All estimates obtained for asymptotically small choices of λ are compatible within
statistical errors, but affected by larger uncertainties, which decrease with larger λ, until the discrepancy exceeds the statistical
uncertainty, for large enough λ. The bottom panel shows the same results, but restricted to one value of α, and plotted as a
function of A[⃗g]/(A0 = A[⃗g = 0⃗]), obtained by minimizing the functional W [⃗g], for the same selection of values of λ as in the
top panel. Again, the plot shows that for small values of λ the reconstructed density is independent of the correspondingly
small value of A[g⃗]/(A0), but discrepancies larger than the statistical uncertainty are visible for large λ, in which case also
A[g⃗]/A0 is large.

where Bnorm(ω) ≡ C2(t = a)/ω2 is introduced a dimensionless term. Having a non-zero value for λ introduces
a systematic error in our reconstruction. This effect has to be carefully taken into account in order to provide a
reconstruction with reliable uncertainties. For each energy ω, minimizing W [⃗g] yields a set of coefficients that are
used to construct the following estimator for the smeared spectral density

ρ̂σ(ω) =

tmax∑
t=a

gt(ω, σ)C(t) . (49)

In order to remove the effect of working with a non-zero value of lambda, we adopt the procedure described in
Refs. [11, 23], where the value of λ is chosen in such a way that its effect is absorbed within the statistical fluctuations.
This procedure has been shown [11, 23] to be able to successfully account for systematics effect due to the introduction
of the B [⃗g] functional. We illustrate this procedure in Fig. 1, which shows ρ̂σ(ω) for a representative value of ω as a
function of λ, at three values of α, obtained by minimizing W [⃗g]. The figure also displays the relation between ρ̂σ(ω)
and A[⃗g]/A0, both evaluated at the minimum of W , for each choice of λ and α. At larger values of λ, we find that the
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systematic errors exceed the statistical fluctuations6: this is signalled by the fact that values for the reconstructions
at different values of λ are not compatible with each other.

On the other hand, reducing λ decreases A[⃗g]/A0 and the systematic effects related to the reconstruction algo-
rithm, yet, by doing so one increases the statistical uncertainties. This is expected, as a smaller value of λ prioritizes
the minimization of A[⃗g]/A0, reducing systematic errors at the expense of constraining B [⃗g]/Bnorm less effectively.

When the quality of the data permits, one identifies a region in ρ̂σ(ω)—a plateau—emerging at low vales of λ,
indicating a window in which systematic effects are controlled, and the signal remains meaningful, before eventually
deteriorating into noise at extremely small λ. In the plateau region, the size of statistical and systematic effects are
comparable. Figure 1 illustrates this plateau-seeking analysis, showing that values exist for which the dependence on
unphysical parameters is minimized, while reconstruction remains robust against statistical noise.

While the plateau analysis should ensure that the error is purely statistical, as an additional precaution we
evaluate the following term:

σ1,sys(E) ≡ |ρλ⋆(E)− ρλ⋆/10(E)| , (50)

where λ⋆ is the value of the trade-off parameter λ determined according to the plateau analysis. This term is introduced
to check for a residual dependence on λ, and take it as an estimate for a possible residual systematic error. Moreover,
as shown in Fig. 1, we repeat the calculation for different values of α, and again we interpret variations in the output,
captured by the term:

σ2,sys(E) ≡ |ρλ⋆,α(E)− ρλ⋆,α′(E)| , (51)

as a residual systematic error. We denote as α and α′ any representative values of the range of α used in the analysis.
The two aforementioned terms, however, are negligible in our analysis, since our estimates are statistically dominated:
this is a healthy sign that the plateau analysis is working as intended. The total error is given by the sum in quadrature
of these two errors and the statistical one, which is found by bootstrapping.

The choice of the general form of the smearing kernel entering into Eq. (43) is dictated by convergence prop-
erties (and convenience of use). We adopt two alternative functional forms as smearing kernels: a Gaussian kernel,
parameterized as

∆(1)
σ (E − ω) ≡ 1

Z(ω)
exp

[
− (E − ω)2

2σ2

]
, (52)

where Z(ω) ≡
∫∞
0

dE exp
[
−(E − ω)2/(2σ2)

]
, and a Cauchy-type kernel, that we write as

∆(2)
σ (E − ω) ≡ σ

(E − ω)2 + σ2
. (53)

In the numerical analysis, we measure the smearing radius, σ, in units of the mass of the ground state meson or chimera
baryon, m0, choosing it to lie in the range 0.18m0 ≤ σ ≤ 0.35m0. The smaller values are used when attempting to
resolve closely spaced energy levels. We inspect our intermediate results to ensure that at the minima of W [⃗g] the
quantity A[⃗g]/A0 < 0.1, so that we can be reasonably confident about our estimates of the systematic uncertainties.

B. Fitting procedure and systematic uncertainties

In this subsection, we explain how smeared spectral densities can be used to extract physical quantities, such as
the meson and (chimera) baryon masses, matrix elements and overlap factors. The numerical results are presented in
Sec. V. The starting point is the definition of the correlated χ2 functional [10]:

χ2 ≡
∑
E,E′

(
f (k)
σ (E)− ρ̂σ(E)

)
Cov−1

EE′ [ρσ]
(
f (k)
σ (E′)− ρ̂σ(E

′)
)
, (54)

6 An indicative measure of the size of systematic effects in the reconstruction is given by the ratio
√

A[g⃗]/A[0], which captures the
deviation between the target, ∆σ(E − ω), and the reconstructed approximation, ∆̄σ(E − ω), in the presence of a finite truncation of
the basis, with tmax/a elements, and finite statistics encoded in Nconf . On the other hand, the size of statistical errors is related to
B[g⃗]/Bnorm(ω), which depends on the covariance matrix of the input lattice data.
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FIG. 2: Examples of the result of a simultaneous fit of the spectral densities, involving different smearing levels (Tab. XXXV),
defined in Eqs. (57) and (58). The two spectral densities and the best fit functions are shown as a function of the energy, E,
normalized to the mass of the ground state, m0, in the relevant channel. The height of the fitting bands is our estimate of
the uncertainty, inclusive of both statistical and systematic components, summed in quadrature. In these examples, we are
measuring the correlation functions involving vector meson, V, composed of (f)-type fermions. The underlying numerical data
is taken from ensemble M1 in Tab. I. These measurements use a Gaussian kernel with σ/m0 = 0.33. The two analysis differ by
the smearing level of the sink, Nsink = 80 (left panel) and Nsink = 0 (right panel).

where CovE,E′ is the covariance matrix in energy space for the smeared spectral densities, and the fitting function

f
(k)
σ (E) is a weighted sum of (either Gaussian or Cauchy) kernels:

f (k)
σ (E) =

k−1∑
n=0

An ∆(i)
σ (E − En) . (55)

The fit parameters, En, are identified with the eigenvalues of the finite-volume Hamiltonian, linking the position
of the resolved fitted peaks in the spectral densities to the mass spectroscopy of interest. The number of states, k,
is determined a posteriori ; given the finite smearing radius and the deterioration of reconstruction at high energies,
only a limited number of states in the spectrum are accessible. In addition, fit results may also be contaminated
by additional states not included in the analysis. To address both considerations, we iteratively repeat the fit for
different choices of k, by adding one extra state, and attempt the reconstruction of k + 1 peaks in Eq. (55). As long
as the target states remain stable and the χ2 per degree of freedom does not deteriorate significantly, we consider the
results reliable. Otherwise, we stop the process having determined the first k peaks.

The use of both Gaussian and Cauchy smearing kernels adds an additional consistency check, and an estimate
of the systematic effects related to this choice for the determination of the nth energy level can be given:

σsys(aEn) = |aEn,Gauss − aEn,Cauchy| . (56)

In Sec. V, we will discuss numerical evidence that any such discrepancy is smaller than the statistical errors, confirming
that, despite qualitative and quantitative differences in the smeared spectral shapes due to the choice of the kernel,
∆σ, the peak positions are statistically consistent [164].

The amplitude of the fit functions, f
(k)
σ (E) in Eq. (55) contains the matrix elements of the interpolating meson

or baryon operator. Hence, Eq. (55) can be used to simultaneously determine such matrix elements, and we devote
the rest of this subsection to outline the procedure we apply to extract these quantities from spectral density fits.
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For each operator of interest, we measure the correlation functions corresponding to different levels of Wuppertal
smearing of the source and sink, Nsource = 80 and Nsink = (0, 80), which we denote as C80, 80(t) and C80, 0(t)—see
Eq. (29). We then estimate the two corresponding spectral densities, expressed in the functional forms for mesons:

ρσ,80, 80(E) =

k−1∑
n=0

|⟨0|O80(t = 0)|eM,n⟩|2
2En

∆σ(E − En) , (57)

and

ρσ,80, 0(E) =

k−1∑
n=0

⟨0|O80(0)|eM,n⟩⟨eM,n|Ō0(0)|0⟩
2En

∆σ(E − En) . (58)

Similarly, for chimera baryons we measure

ρσ,80, 80(E) =

k−1∑
n=0

|KB,n,80|2 ∆σ(E − En) , (59)

and

ρσ,80, 0(E) =

k−1∑
n=0

KB,n,80K
†
B,n,0 ∆σ(E − En) , (60)

by performing a simultaneous fit of the two spectral densities, accounting for correlations. We hence extrapolate the
unsmeared matrix elements and overlap factors corresponding to the transition between the vacuum and the nth state
of the interpolating operator. An example of such fits is reported in Fig. 2, for the vector meson operator, V, made
of (f)-type fermions, obtained using the numerical data in ensemble M1 in Tab. I.

While the physical results should not depend on our choice of smearing kernel, ∆σ, we use the difference between
the results extracted using Gaussian and Cauchy fits as a further cross-check for our results:

σsys(⟨0|O(0)|eM,n⟩) ≡ |⟨0|O(0)|eM,n⟩Gauss − ⟨0|O(0)|eM,n⟩Cauchy| , (61)

for mesons, while for chimera baryons,

σsys(Kn) ≡ |Kn,Gauss −Kn,Cauchy| . (62)

We show in Sec. V that this is negligibly small, in comparison with the statistical uncertainties of the matrix elements
and overlap factors.

V. NUMERICAL RESULTS AND DISCUSSION

In this section, we present our numerical results, along with mass and matrix element measurements, together
with critical comparisons with earlier work. First, we determine the meson spectrum using both a variational analysis
and spectral density fits on the expanded statistics ensembles, M1–M5, and we compare our results with the analysis
in Ref. [164]. We then present our new findings on the chimera baryon mass spectrum and on the matrix elements
computations for both mesons and chimera baryons.

A. Meson and chimera baryon mass spectra

Direct comparison of Tab. I in this paper with Tab. I of Ref. [164] shows that we extended the statistics by
increasing Nconf , the number of thermalized and uncorrelated configurations available. This is particularly evident for
ensemble M1, which is approximately doubled in size, and M3, approximately tripled. These larger data sets allow us
to improve the statistical analysis compared to the one published in Ref. [164]. We reconstruct the spectral densities
from correlation functions, as detailed in Sec. IVA, by using the interpolating operators in Tab. II and implementing
both Wuppertal and APE smearing. The reconstructed spectral densities are then fitted, as explained in Sec. IVB,
to perform spectroscopy measurements.
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FIG. 3: Representative examples of mass measurements in the Sp(4) theory with Nf = 2 and Nas = 3 hyperquarks, for the
lightest flavored mesons composed of (f)-type (PS mesons, top panel) and (as)-type (ps mesons, middle panel) fermions, as
well as the lightest chimera baryons (Λ+

CB and Σ+
CB, bottom panel), in all available ensembles, as summarised in Tab. I. The

masses are expressed in lattice units, and the uncertainties displayed in these plots include only the statistical component.
The five measurements of each bound-state mass (horizontally offset for presentation purposes) are obtained with five different
methodologies: the result of the conventional GEVP analysis of (APE and Wuppertal smeared) correlation functions based on
the variational method is compared to those obtained with four different choices of smearing kernel, in the HLT reconstruction
of the spectral densities—for more details, including all the other mass measurements performed, see Tabs. V–XIX for mesons,
and Tabs. XX–XXXIV for chimera baryons.
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FIG. 4: Representative examples of meson (T) and chimera baryon (Σ∗+
CB) mass spectra in the ensembles M1, M2, M3, M4, and

M5, characterized in Tab. I. All measurements have been obtained by fitting the spectral densities. For each channel, a tower
of mass eigenvalues, expressed in units of the Wilson flow, m̂ ≡ w0 ·m, is shown, the elements of which correspond to ground,
first and (where available) second excited state. The vertical midpoint of each color block is the numerical result, whereas the
height is the uncertainty, comprehensive of statistical and systematic errors, summed in quadrature. Horizontal offsets in the
towers have no physical meaning, but are used to distinguish graphically the different ensembles. The choice of filling color is
used to identify ensembles M1-M3, while different patterns are used to indicate ensembles M4 and M5, as shown in the legend.

For all ensembles, M1-M5, we list in Appendix C the numerical results for the masses of mesons in ground
state, first excited state, and (where available) second excited states, derived both from spectral densities, as well as
the variational analysis, in Tabs. V–XIX. These values are expressed in units of the lattice spacing, a, and can be
converted to Wilson flow units by using Tab. I. The tables display results across the twelve flavored meson channels
listed in Tab. II, detailing the number of Wuppertal smearing iterations at the source and sink, Nsource and Nsink, and
the number of fitting functions used in the spectral density reconstruction, k, as defined in Eq. (55). Five separate
analyses are included for each correlation function: spectral density reconstructions with Gaussian kernels (using k
and k+1 functions), or with Cauchy kernels (also using k and k+1 functions), and variational analysis. The smearing
radius for both Gaussian and Cauchy cases is also provided in the tables. In each case, if the contamination from
additional excited states is minimal, one expects consistency between results for the optimal number of peaks k and
the k + 1-peak fits across both kernels, which is confirmed by our measurements, across the whole range analyzed,
and within statistical uncertainties.

For chimera baryons, after computing the correlation functions, using spin- and parity-projected operators, we
reconstruct spectral densities and fit them. For each channel listed in Tab. III and defined by Eq. (17), we provide
results for all ensembles, M1–M5, including the same five types of analysis performed for mesons: k- and k + 1-
peak fits using Gaussian and Cauchy kernels for spectral density reconstruction, as well as the GEVP results. We
tabulate our results for chimera baryon ground state, first excited state, and, where available, second excited state,
in Tabs. XX–XXXIV.

In Fig. 3, we provide visual examples of the comparison between spectroscopy measurements obtained with
different methodologies. We present the lightest states in each of the sectors of bound states of interest in the Sp(4)
theory: mesons composed, respectively, of (f)-type and (as)-type fermions, as well as chimera baryons (including
the two candidates relevant to TPC). The measurements obtained with spectral density techniques yield results that,
within the statistical errors, are independent of the type of kernel used. The direct measurements, obtained with state-
of-the-art conventional application of APE and Wuppertal smearing to the interesting correlation functions, are also
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FIG. 5: Flavored meson and chimera baryon mass spectra in all available ensembles, as summarized in Tab. I. The meson
spectra include both composite states made of (f)-type (Fundamental) and (as)-type (Antisymmetric) fermions. The spectrum
is found through the fitting analysis of the spectral densities described in the text. For each channel, we show a tower of
masses, m̂ ≡ w0 · m, expressed in units of the Wilson flow scale, w0. The particles correspond to ground, first and (where
available) second excited states. The vertical midpoint of each color block is the numerical result, while the height is the
uncertainty, inclusive of statistical and systematic errors, summed in quadrature. Horizontal offsets are used to distinguish
different ensembles. Different shadings of the same colors differentiate ensembles that differ in time extents (Nt = 48, 64 and
96 for ensembles M1, M2, and M3, respectively), while different patterns are used to indicate ensembles that differ also in
bare parameters (ensembles M4 and M5). Six colors distinguish different meson channels. The colors match meson operators
built with the same gamma-matrix structure, but different fermion constituents. We include also the three chimera baryons
channels, split according to their two parity projections.

consistent with the spectra density results. We repeated this exercise for all available ensembles and in all accessible
channels, including also excited states, when possible, yielding equivalent outcomes—see Tabs. V–XIX for mesons, and
Tabs. XX–XXXIV for chimera baryons—even for our measurements of matrix elements. These results demonstrate
that going from the correlation function to the smeared spectral function does not degrade the information about
the spectrum. While this statement depends in principle on the radius of the smearing kernel, we have shown that,
even with moderate radius sizes, the spectrum can be reconstructed with a good degree of precision, preserving the
information contained in the correlation functions.

For both mesons and chimera baryons, the results obtained in ensembles M1-M3 (which differ only by the time
extent of the lattice) show good agreement with one another, and display a trend towards error reduction with
increased temporal lattice extent, Nt. As observed in Section V of Ref. [164], the improvement is expected, as in the
HLT method an expansion of tmax < aNt elements is performed, hence the longer the lattice temporal size is, the more
accurate the spectral density reconstruction is expected to be. Having more temporal sites results in progressively
lower statistical uncertainties, while the four energy estimates from spectral density fits are consistent with one
another, indicating that residual systematic effects are negligible. These estimates also agree with the variational
analysis results.

Figure 4 displays representative examples of mass measurements for meson (T) and chimera baryon (Σ∗+
CB),

demonstrating the overall improvement achieved by extending Nt. The masses are expressed in Wilson flow units,
m̂ ≡ w0 · m. We combine statistical errors and systematic effects in quadrature. The systematic effects include
artefacts due to additional excited-states contamination from the k+1-peak fits and choice of smearing kernels, with
differences evaluated as the maximum spread between lattice results from k- and k + 1-peak obtained with Gaussian
and Cauchy kernels (k-G, (k + 1)-G, k-C, and (k + 1)-C).
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FIG. 6: Matrix elements, ĉM,0 ≡ w2
0 ⟨0|OM |eM,0⟩, for ground state flavored mesons, measured in all available ensembles,

summarized in Tab. I, obtained through fitting spectral densities. Results are expressed in units of the Wilson flow scale,
w0. The vertical midpoint of each color block is the numerical result, while the height represents the combined statistical and
systematic uncertainties. Horizontal offsets are used to distinguish different ensembles. Different shadings of the same color
differentiate ensembles that change only in time extents (Nt = 48, 64, and 96 for ensembles M1, M2, and M3, respectively),
whereas no filling color and patterns are used to indicate ensembles that differ also in bare parameters (ensembles M4 and M5).

Our results for meson masses are consistent with numerical estimates in Ref. [164], yet show a general improve-
ment, with reduced statistical uncertainties, as expected with increased statistics, and better access to first and second
excited states, in line with expectations that a larger value of Nconf improves spectral density reconstruction. More-
over, a progressively increasing number of states appears in ensembles while considering larger time extent (Nt > 96
for M3 and Nt > 64 for M4 and M5), compared to Ref. [164].

As described by Eq. (56), the use of multiple smearing kernels serves as a check against potential systematic
effects in the spectral density reconstruction. Our results confirm that such systematic effects are under control, the
spectroscopy being consistent across analysis methodology, inclusive of k- and k+1-peaks fits across Gaussian, Cauchy
kernels, and GEVP analysis.

A summary display of our measurements of the mass spectrum, in all ensembles, showing both flavored mesons
and chimera baryons, is presented in Fig. 5. This has been obtained by combining the results for mesons in Tabs. V–
XIX and for chimera baryons in Tabs. XX–XXXIV. All measurements are expressed in units of the Wilson flow,
m̂ ≡ w0 ·m.

B. Mesons matrix elements and chimera baryons overlap factors

As discussed in Secs. IIID and IVB, we extract matrix elements and overlap factors both by using correlation
function fitting techniques also by fitting spectral density amplitudes. This approach allows us to determine the
matrix elements associated with the interpolating operators listed in Tab. II for flavored meson matrix elements. For
the renormalized meson matrix elements we introduce the shorthand notation:

cM,n ≡ ZR
M ⟨0|OR|eM,n⟩ , (63)

withOR any meson interpolating operator entering in Eqs. (26), (27), and (28), and ZR
M the renormalization coefficients

for fermions transforming according to the representation R of the gauge group. We focus our analysis on the ground
state, n = 0, due to the limited available statistics—a similar analysis can be used also for excited states, but
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FIG. 7: Chimera baryon overlap factors, K̂B,0 ≡ w3
0 · KB,0, expressed in units of the Wilson flow scale, w0, in all available

ensembles summarized in Tab. I, extracted through spectral densities fitting analysis. The vertical midpoint of each color block
is the numerical result, while the height represents the uncertainty, comprehensive of statistical and systematic errors, summed
in quadrature. Horizontal offsets are used to distinguish different ensembles. Different shadings of the same color differentiate
ensembles that differ in time extents (Nt = 48, 64, and 96 for ensembles M1, M2, and M3, respectively), whereas different
patterns are used to indicate ensembles that differ also in bare parameters (ensembles M4 and M5).

would require using higher statistics, and an enlarged basis of Wuppertal smeared operators. For the chimera baryon
operators listed in Tab. III, the overlap factors of interest, KB,0, are defined in Eqs. (34) and (36)—notice the different
normalization and dimensionality, and the appearance of spinors in the defining relations. The renormalization
constants are provided in Sect. IIID. The renormalized matrix elements are reported in Tabs. XXXV–XXXIX, for
mesons. For chimera baryons, the renormalized overlap factors are tabulated in Tabs. XL–XLIV.

The tables detail our results for matrix elements and overlap factors, obtained through simultaneous spectral
density fits (as described in Sec. IVB). Measurements obtained by using Gaussian (a2cM,0-G for mesons, a3KB,0-G
for chimera baryons) and Cauchy (a2cM,0-C for mesons, a3KB,0-C for chimera baryons) kernels are shown next to
one another, along with results derived from the correlation function fitting techniques outlined in Sec. IIID. As with
spectral results, physical matrix elements and overlap factors do not depend on the choice of smearing kernel, which
is confirmed by the numerical results, showing consistency across methodologies. We use the discrepancies as an
estimation of the systematic effects, via Eq. (61), and find them to be smaller than the statistical uncertainties. Our
spectral-density analysis yields results that also agree with those obtained through traditional correlation function
fitting techniques, supporting the validity of this novel approach. The general agreement across the results for
ensembles M1–M3 is expected, given that the three ensembles differ only in the temporal extent, Nt, of the lattice.
This is observed both for mesonic matrix elements, in Tabs. XXXV–XXXVII, and for chimera baryons overlap factors,
in Tabs. XL–XLII.

The results for mesons and baryons (restricted to the ground state) are shown in Figs. 6 and 7, respectively.
As for the masses, for both mesons and chimera baryons, the measurements obtained in ensembles M1-M3, which
differ only by the time extent of the lattice, generally agree with one another, and show a trend of improvement
with increased temporal lattice extent, Nt. The matrix elements and overlap factors are expressed in Wilson flow
units, ĉM,0 ≡ w2

0 · cM,0 and K̂B,0 ≡ w3
0 · KB,0. We combined statistical and systematic errors in quadrature,

although the systematic errors are smaller than the statistical ones. The systematic effects include artefacts
due to excited-state contamination and choice of smearing kernels, with differences evaluated as the maximum
spread between lattice results from k- and (k+1)-peak in Gaussian and Cauchy fits (k-G, (k+1)-G, k-C, and (k+1)-C).
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TABLE IV: The quantities s0, s1, and s2, defined in the body of the paper, measured in all ensembles, and for both meson
species, obtained by combining our best measurements. Errors include both statistical and systematic uncertainties (in
quadrature) of the lattice calculations performed for this paper. Theoretical approximations due to continuum and massless
extrapolation, as well as saturation over the ground state mesons, lead to s1 ̸= 0 ̸= s2.

Meson Ensemble s0 s1 s2
(f)-type M1 0.298(4) -0.008(19) 0.005(44)
(f)-type M2 0.253(5) -0.149(32) -0.310(78)
(f)-type M3 0.257(15) -0.156(47) -0.270(73)
(f)-type M4 0.220(9) -0.245(31) -0.384(55)
(f)-type M5 0.192(4) -0.629(25) -1.561(68)
(as)-type M1 0.220(4) -0.116(19) 0.213(27)
(as)-type M2 0.204(3) -0.193(21) 0.103(34)
(as)-type M3 0.206(5) -0.194(30) 0.151(40)
(as)-type M4 0.229(6) -0.137(23) 0.205(26)
(as)-type M5 0.197(5) -0.206(23) 0.097(37)

We could not perform the continuum extrapolation with the available ensembles, hence we expect our measure-
ments to be affected by (discretization) lattice artefacts. Yet, some interesting qualitative pattern emerges. In the
meson sector, we find that among the matrix elements, ĉM,0, those in the pseudoscalar channel are smaller than
those in the vector and axial-vector channels. Furthermore, these values tend to be larger in the antisymmetric
representation than in the fundamental one. Turning to chimera baryons, we observe that the ground-state overlap
factors, K̂B,0, for the B = ΛCB states are smaller than those for the ΣCB and Σ∗

CB states, which exhibit comparable
magnitudes. Odd-parity states generally display smaller overlap factors than their even-parity counterparts.

It is informative to compare our results for the overlap factors of chimera baryons with those obtained in other
theories. In particular, we can draw a comparison with analogous quantities computed in QCD for proton decay [211],
as well as the overlap factors relevant for partial top-compositeness in a SU(4) gauge theory with Nf = 2 fermions
in the fundamental representation and Nas = 2 in the two-index antisymmetric representation [148]. In both cases, a
key dimensionless quantity of interest is the ratio KB,0/f

3
PS. The reported values for this ratio in Ref. [211] and [148]

are, respectively:7 (
KB,0

f3
PS

)
QCD

∼ 20 , and

(
KB,0

f3
PS

)
SU(4)

∼ 3 . (64)

For comparison, our measurements in the ΛCB and ΣCB channels are fairly consistent across all ensembles considered
(M1–M5). Averaging over the ensembles, we find:(

KΛ+,0

f3
PS

)
∼ 6 , and

(
KΣ+,0

f3
PS

)
∼ 25 . (65)

Despite the fact that we did not perform a continuum limit extrapolation, and that the matching of the renormalization
corrections is done naively using the cutoff scale, it is reassuring to notice that our results for the Λ and Σ chimera
baryons are broadly comparable with those in the literature, at the order-of-magnitude level.

We notice that in Ref. [148] the authors normalize the overlap factor to the decay constant of the mesons emerging
from the fermions transforming in the antisymmetric representation, because that case is of relevance to the CHM
based on SU(4), as would be appropriate also for the model in Ref. [99]. In our case, for the CHM proposed in
Refs. [58, 172], the Higgs sector arises from the fermions transforming in the fundamental sector. Because we find
that fPS < fps, across all our measurements, our result for the overlap factors are enhanced in respect to those in

7 In both references, the decay constant is normalized so that as Fπ = FPS ≃ 130 MeV. To match our conventions, we rescaled the
measurement, that for QCD would lead to fπ ≃ 93 MeV. For the SU(4) theory, we use the decay constant computed for mesons
composed of fermions transforming in the fundamental representation. It is also worth to be mentioned that our values are renormalized
at scale µ = 1/a, which differs for our lattice spacings from the scale used in the QCD results, which is chosen to be µ = 2 GeV. This
fact is not expected to defeat the purposes of our order-of-magnitude estimation, since the running effect is logarithmic.
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Ref. [148]. Furthermore, we notice that if the chimera baryon of relevance to the TPC mechanism is the Σ (rather
than Λ), an additional enhancement factor appears, which is interesting for model-building considerations. We look
forward to seeing how these measurements change when performing the continuum limit extrapolations in future
precision studies.

We conclude with another simplified exercise, intended to assess the current precision level of our measurements,
but also to illustrate the physics insight that the application of the technology developed for this paper could yield
with future high precision lattice studies. We define the following three quantities, borrowing, for convenience, the
normalization conventions adopted in Ref. [163], for mesons made of (f)-type fermions:

s0 ≡ 4π

(
f̂2
V

m̂2
V

− f̂2
AV

m̂2
AV

)
, (66)

s1 ≡ 1− f̂2
AV + f̂2

PS

f̂2
V

, (67)

s2 ≡ 1− m̂2
AVf̂

2
AV

m̂2
Vf̂

2
V

, (68)

and analogous definitions for mesons made of (as)-type fermions. The second and third such relations are related
to the Weinberg sum rules [194], and the first to the Peskin-Takeuchi S parameter [212]. In the continuum limit,
for massless hyperquarks, and replacing the right-hand side of these definitions with summation running over the
whole tower of vector and axial-vector states, the Weinberg sum rules can be formulated by stating that s1 = 0 = s2.
In the same limits, and with the additional requirement that the electroweak SU(2)L × U(1)Y gauge group of the
Standard Model be embedded in the global symmetries of this theory such that the vacuum triggers electroweak
symmetry breaking as in the Standard Model, then s0 yields a measure of (isospin) symmetry breaking effects due to
new physics. Current electroweak precision tests set the bound s0 = S < 0.4 at 3σ confidence level.

We performed the measurements for finite fermion mass and lattice spacing, and measured the decay constants
only for the ground-state particles, hence introducing potentially large systematic uncertainties due to these theoretical
limitations. We display these three quantities, computed in all our ensembles, and for both mesons composed of (f)-
type and (as)-type fermions, in Tab. IV. The results for s1 and s2 are not compatible with zero, consistently with the
presence of large systematics. Yet, the central values are about one order of magnitude smaller than those obtained in
the quenched approximation, listed in Ref. [163], demonstrating how these quantities are sensitive to the dynamics of
the underlying theory. In future measurements, in which we aim at extrapolating our results towards the continuum
and massless limits, these quantities will provide a test of the saturation of the Weinberg sum rule on the ground
state.

VI. SUMMARY AND OUTLOOK

We have developed a new implementation of the HLT algorithm that allows to reconstruct the spectral density
from two-point correlation functions, to compute masses, matrix elements and overlap factors of flavored mesons
and chimera baryons. We have applied these new tools to study the lattice theory with Sp(4) gauge group and
matter content consisting of Nf = 2 Wilson-Dirac fermions transforming in the fundamental and Nas = 3 in the
2-index antisymmetric representation, by generating five lattice ensembles that have the same lattice parameters as
in Ref. [164, 165], but larger statistics. This theory is the minimal candidate for the completion of a composite Higgs
model with top partial compositeness; some of the mesons play the role of the Higgs fields in CHMs, while some of
the chimera baryons have the right quantum numbers to be identified as top partners in TPC, hence this information
is important for the phenomenology of extensions of the Standard Model. The main elements of novelty of this
publication are the application of HLT algorithm to baryon bound states, and to the extraction of matrix elements
and overlap factors. The numerical strategy developed for this work has also general validity, as it could be used in
the study of other gauge theories, including QCD.

The main results we reported in this publication that are relevant to phenomenological studies of new physics
models are our measurement of the masses of the lightest bound states in all flavoured channels, together with our
estimate of the overlap factor,

(
KΣ+,0/f

3
PS

)
∼ 25. The former completes and complements existing literature and

is useful for new physics searches. The latter is one order of magnitude larger than that obtained in the SU(4)
theory studied in Ref. [148]. This factor enters the estimate of the mass of the top quark in a realistic CHM with
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TPC, and hence our preliminary results, if confirmed in the continuum limit, would give this theory prominence as
a potentially realistic candidate for extensions of the standard model with composite dynamics. Such finding hence
motivates additional, large scale numerical studies of this theory, taking advantage of improved lattice action, aimed
at approaching the continuum limit.

The results presented here are propaedeutic to an ambitious, long-term future research program, part of which is
already undergoing. We focused our analysis on bound states that transform non-trivially under the unbroken global
Sp(4) (or SO(6)) symmetry that acts on the (f)-type (or (as)-type) fermions. For this study we used a limited number
of ensembles, with fixed values of lattice coupling and comparatively large hyperquark masses. For phenomenological
purposes, it may not be necessary to carry out an extrapolation towards the limit of massless hyperquarks, as CHMs
do require the presence of explicit sources of symmetry breaking to be viable. Nevertheless, the continuum limit
extrapolation is needed, and it would be useful to perform it in combination with the matching to an effective
field theory in which the mass dependence of all the lightest bound states (including flavor singlets) can be studied
systematically. In order to pursue such a major endeavour, we envision changing the lattice formulation of the theory,
by adopting domain wall fermions. Doing so would result in improving the approach to the continuum limit, as well
as providing numerical access to lower-mass regions in parameter space. Encouraging preliminary results have been
collected in this direction and will be presented in the near future [213].
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Appendix A: Correlation functions smearing techniques

Wuppertal smearing [185–187] and APE smearing [188, 189] are well established lattice techniques, typically ap-
plied together, the purpose of which is to improve the signal of correlation functions, in particular for the extraction
of the mass of the ground state. By applying APE smearing to the gauge links in a given configuration, we smoothen
out short-distance fluctuations in gauge links, which improves the signal of the effective mass plateau. The implemen-
tation of Wuppertal smearing to the source and sink replaces point-like operators with extended ones, which enhances
the overlap with the ground state, and hence the signal-to-noise ratio, and suppresses excited state contamination,
so that the plateau in effective mass appears at earlier Euclidean time, which improves our control over fitting range
systematics.

APE smearing is an iterative process involving the staple operator, Sµ(x) ≡
∑

±ν ̸=µ Uν(x)Uµ(x + ν̂)U†
ν (x + µ̂),

around each gauge link, Uµ(x). A new, smeared link, U
(m)
µ (x), is defined by subsequent modifications of the link

U (m)
µ (x) ≡ P

(
(1− αAPE)U

(m−1)
µ (x) +

αAPE

6
S(m−1)
µ (x)

)
, (A1)

for m = 1, . . . , NAPE, with initial conditions U0
µ = Uµ and S0

µ = Sµ. One has to specify two parameters: the APE-
smearing step size, αAPE, and the total number of smearing steps, NAPE. A projection operator, P, the precise form
of which is determined by the group and the representation used for the links, is included in the definition, since
when the gauge links are updated at each iteration by summing over neighboring staples, the result may generally
fall outside the group manifold.

To illustrate our implementation of Wuppertal smearing, we start by writing the equation for the Green function
associate with the Dirac operator for point-like source and sink:∑

y,β,b

DR
aα,bβ(x, y), S

bβ
R,cγ(y, 0) = δx,0, δαγ , δac , (A2)

where DR
aα,bβ is the Wilson-Dirac operator in representation R, with α, β, γ denoting spinor indices, and a, b, c gen-

eralized color indices. The solution of this equation, Sbβ
R,cγ , is the hyperquark propagator in representation R. For

instance, the two-point correlation function of mesons can then be schematically written as:

C(t) = ⟨OR(t) ŌR(0)⟩ =
〈∑

x⃗

Tr
[(
ΓSR(x, 0) Γ̄SR(x, 0)

)] 〉
, (A3)

where Γ and Γ̄ ≡ γ0Γ†γ0 depend on the spin structure of the interpolating operator, OR, which is bilinear in fermion
fields.

Wuppertal smearing consists of replacing the delta function, δx,0, on the right-hand side of Eq. (A2) with a new

function of the coordinates, q
(n+1)
R (x), defined through an iterative diffusion process that take the following form:

q(n+1)(x) ≡ 1

1 + 6εR

q(n)(x) + εR
∑
µ̂

Uµ(x)q
(n)(x+ µ̂)

 , (A4)

with εR the smearing step size, and q(0)(x) = δx,0. One then performs the inversion of the Dirac operator, producing a

smeared propagator S
(n)
R (y, 0). For the sink smearing, the same procedure is applied to the source-smeared propagator

without requiring additional inversions. Finally, one modifies Eq. (A3), by rewriting it in terms of the new propagator,
SR
(Nsource,Nsink)

(x, 0) obtained by solving the associated Green function equation in the presence of the extended source

and sink:

CNsource, Nsink
(t) =

〈∑
x⃗

Tr
[
Γ
(
SR
(Nsource,Nsink)

(x, 0)
)
Γ̄
(
SR
(Nsource,Nsink)

(x, 0)
)]〉

. (A5)

The fully smeared propagator, after Nsource iterations of source smearing and Nsink iterations of sink smearing, is
denoted as SR

(Nsource,Nsink)
(x, 0). One then has to specify three parameters, the values of which are chosen to optimize

the analysis: the smearing step size, εR, and the number of source and sink smearing steps, Nsource and Nsink.
Measurements of two-point meson correlation functions smeared with APE and Wuppertal smearing are performed
using the HiRep code [182–184].
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×
×

FIG. 8: One-loop Feynman diagrams contributing vertex corrections to the renormalization of the chimera baryon operators.
Left panel: gluon exchange between two (f)-type fermions. Right panel: gluon exchange between one (f)-type and (as)-type
fermion. A third diagram is obtained by exchanging the two fundamental fermion legs in the second.

Appendix B: Renormalization of chimera baryons overlap factors

In this Appendix, we summarize our main results for the one-loop renormalization of the local chimera baryon
operators relevant to this paper. We write the chimera baryon operator in the following form:

Oµ
CB(x) ≡

{[
Qa

1α(CΓ1)
αβQb

2 β

]
ΩadΩ

bcΓµγ
2 Ψcd

γ

}
(x) , (B1)

as in Eq. (16), where Γ1 = {γ5, γi} and Γµγ
2 = 1µγ .8 For each such operator, we introduce the 4-point function

Γµαβγ (x, x1, x2, x3) ≡
〈
Oµ

CB(x)Ψ
α
cd (x3)Q

β
1 a (x2)Q

γ
2 b (x3)

〉[ 1

2Nc
ΩadΩbc

]
, (B2)

where we have separated the term
1

2Nc
ΩadΩbc, serves to project the fermionic lines attached to the operator onto a

given color structure.

We will write the result for the renormalization factors at renormalization scale µ = 1/a in the following form:

ZCB,Γ[µ = 1/a] = 1 +
g2

16π2

([
Cf +

1

2
Cas

]
∆Σ1

+∆CB[Γ, µ = 1/a]

)
, (B3)

where Γ = {γ5, γi} and

∆CB[γ5] = −26.67 , ∆CB[γi] = 18.12 , ∆Σ1
= −12.82 , (B4)

and where the eigenvalues for the quadratic Casimir operators, evaluated in the Sp(2N = 4) gauge theory, are
Cf = 5/4 and Cas = 2.

Two types of diagrams contribute to the one-loop correction, both in the continuum and on the lattice: vertex
corrections are shown in Fig 8, where (f)-type and (as)-type fermions are denoted by single and double solid lines, and
in addition we included also fermion self-energy diagrams in our analysis. For the latter, the self-energy contribution
to Eq. (B3) can be adapted from Ref. [192]. For the former, the vertex diagrams are evaluated both in the continuum,
in the MS scheme, and on the lattice using the actions in Eqs. (1) and (3), respectively. Part of the algebra has been
handled with FORM [217], a symbolic manipulation system designed for high-performance algebraic computations

8 For the charge-conjugation operator, we make use of the conventions C2 = 1, C† = −C, CT = −C and the commutation rule CγµC−1 =
−γT

µ ⇒ γT
µ C = −Cγµ and γT

5 = γ5.
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in quantum field theory. We provide details of both calculations in the next subsections. Finally, the coupling in
Eq. (B3) is defined using a mean-field approximation for the link variable, which effectively incorporates the effects

of tadpole diagrams. In this formulation, the improved coupling is expressed as g̃2 = g2

⟨P ⟩ , where ⟨P ⟩ represents the

average value of the plaquette, and g is the bare gauge coupling.

Continuum renormalization (MS scheme)

We report here our result for the perturbative calculation performed in the continuum theory. We adopt di-
mensional regularization, and the MS renormalization scheme.9 Assuming the external momenta of the two (f)-type
fermions to approach the null value p1, p2 → 0, the sum of the Feynman integrals for the vertex functions corresponding
to the Feynman diagrams in Fig. 8 is given by the following expressions, for Γ1 = γ5:

I[γ5] =
g2

16π2
γ5

{
Cf

[
6 + 4 log

µ2

Λ2
+ 4δMS

]

+Cf(2−Nc)

[
12 + 8 log

µ2

Λ2
+ 8δMS

]}
,

(B5)

where

δMS =
1

ϵ
+ log 4π − γE . (B6)

For the chimera baryon operator with Γ1 = γi, we find

I[γi] =
g2

16π2
γi

{
Cf

[
−1

2
− log

µ2

Λ2
− δMS

]

+Cf(2−Nc)

[
1 + 2 log

µ2

Λ2
+ 2δMS

]}
.

(B7)

Lattice results

In order to compute the finite part of the integrals in lattice perturbation theory, we make use of the multidi-
mensional integrals Monte-Carlo evaluation Vegas package [221]. For Γ1 = γ5, we arrive at the following expression:

L[γ5] =
g2

16π2
γ5
[
−4Cf log(a2Λ2) + 11.748Cf − 8Cf(2−Nc) log(a

2Λ2) + 4.206Cf(2−Nc)
]
, (B8)

where Λ is an infrared regulator (a gluon mass) inserted in the lattice gluon propagators.
For Γ1 = γα, our result is the following:

L[γi] =
g2

16π2
γi
[
Cf
(
log(a2Λ2)− 7.2644(11)

)
+ Cf(2−Nc)

(
−2 log(a2Λ2) + 4.8870(16)

)]
. (B9)

As for the results in the continuum theory, the finite parts depend on the regularization scheme chosen.

By matching the results of the continuum and of the lattice perturbative calculations [192, 222, 223], the matching
coefficients at renormalization scale µ for the vertex function read:

∆CB[γ5, µ] = 5.74Cf + 7.79Cf(2−Nc) + 8Cf log(aµ) + 16Cf(2−Nc) log(aµ), (B10)

∆CB[γi, µ] = 6.72Cf − 3.89Cf(2−Nc)− 2Cf log(aµ) + 4Cf(2−Nc) log(aµ), (B11)

9 The finite parts of the one-loop integrals for the local operator are scheme dependent. Here, we chose the dimensional regularization
with MS scheme. Other choices are possible. One is the Breitenlohner–Maison–’t Hooft–Veltman (BMHV) [218–220] renormalization
scheme, which prescribes a non-standard definition of γ5 while operating in generic d dimensions.
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TABLE V: Numerical results for the ground state mass of the mesonic spectrum in ensemble M1. k-G stands for k-Gauss fit,
(k+1)-G is k+1-Gauss fit, k-C stands for k-Cauchy function fit, (k+1)-G k+1-Cauchy function fit, C indicates the mesonic
channel considered, amC is the result of the GEVP analysis, σG is the energy smearing radius used for the Gaussian fits, σC

for the Cauchy fit.

C k Nsource Nsink aE0 k-G aE0 (k + 1)-G aE0 k-C aE0 (k + 1)-C amC σG/mC σC/mC

PS 3 80 80 0.3562(24) 0.3562(36) 0.3559(21) 0.3559(21) 0.3543(60) 0.18 0.2
V 3 80 80 0.4019(34) 0.40200(120) 0.4051(19) 0.4052(18) 0.4018(90) 0.2 0.26
T 3 80 80 0.4030(36) 0.40300(120) 0.4002(28) 0.3999(22) 0.4016(33) 0.2 0.26
AV 2 80 80 0.5337(45) 0.5335(53) 0.5411(13) 0.5374(18) 0.5353(73) 0.2 0.18
AT 3 80 80 0.5293(26) 0.5292(53) 0.5294(23) 0.5300(24) 0.525(15) 0.18 0.18
S 3 80 80 0.5137(44) 0.5136(51) 0.5201(52) 0.52000(90) 0.5145(87) 0.18 0.2
ps 3 80 80 0.5877(15) 0.5877(59) 0.5898(33) 0.5897(33) 0.5853(18) 0.18 0.2
v 3 80 80 0.6467(54) 0.6463(65) 0.6386(64) 0.6386(64) 0.6447(18) 0.2 0.26
t 3 80 80 0.6437(42) 0.6443(64) 0.6388(17) 0.6421(42) 0.6447(60) 0.2 0.26
av 2 80 80 0.8342(46) 0.8343(83) 0.8362(21) 0.8361(30) 0.828(30) 0.2 0.18
at 3 80 80 0.8476(61) 0.8476(85) 0.8365(64) 0.8383(75) 0.8420(97) 0.18 0.18
s 3 80 80 0.7946(49) 0.7951(24) 0.7998(21) 0.7992(23) 0.7923(51) 0.18 0.2

TABLE VI: Numerical results for the first excited state mass of the mesonic spectrum in ensemble M1. k-G stands for k-Gauss
fit, (k + 1)-G is k + 1-Gauss fit, k-C stands for k-Cauchy function fit, (k + 1)-G k + 1-Cauchy function fit, C indicates the
mesonic channel considered, amC is the result of the GEVP analysis, σG is the energy smearing radius used for the Gaussian
fits, σC for the Cauchy fit.

C k Nsource Nsink aE1 k-G aE1 (k + 1)-G aE1 k-C aE1 (k + 1)-C amC σG/mC σC/mC

PS 3 80 80 0.6775(98) 0.6781(68) 0.672(13) 0.672(13) 0.675(60) 0.18 0.2
V 3 80 80 0.7114(14) 0.7114(71) 0.6957(15) 0.6957(24) 0.703(18) 0.2 0.26
T 3 80 80 0.7034(16) 0.7033(21) 0.693(14) 0.691(12) 0.697(22) 0.2 0.26
AV 2 80 80 0.709(14) 0.7088(71) 0.6977(98) 0.706(12) 0.703(75) 0.2 0.18
AT 3 80 80 0.710(17) 0.7097(71) 0.69300(30) 0.6936(34) 0.707(44) 0.18 0.18
S 3 80 80 0.719(17) 0.7190(72) 0.721(60) 0.7288(78) 0.722(63) 0.18 0.2
ps 3 80 80 0.903(13) 0.903(17) 0.918(60) 0.918(19) 0.914(24) 0.18 0.2
v 3 80 80 0.942(18) 0.9427(94) 0.9353(94) 0.9353(94) 0.949(14) 0.2 0.26
t 3 80 80 0.95450(30) 0.9545(95) 0.950(18) 0.947(21) 0.942(17) 0.2 0.26
av 2 80 80 1.079(16) 1.079(11) 1.083(26) 1.080(21) 1.092(28) 0.2 0.18
at 3 80 80 1.0881(90) 1.088(11) 1.111(11) 1.111(11) 1.097(59) 0.18 0.18
s 3 80 80 1.047(36) 1.047(30) 1.077(11) 1.077(15) 1.062(27) 0.18 0.2

and it is customary to choose the renormalization scale µ = 1/a, where the logarithms vanish. Therefore, summing
this contribution with the fermion self-energy contributions [192], the renormalization condition in MS scheme for the
4-point correlation function in Eq. (B2), amputated, that reads as follows:

ΓMS =

[
1 +

g2

16π2

([
Cf +

1

2
Cas

]
∆Σ1

+∆CB[Γ, µ = 1/a]

)]
Γlattice , (B12)

with matching coefficients summarized in Eq. (B4).

Appendix C: Tables

We list here all our main numerical results, from the meson mass spectra in Tabs. V–XIX, to the baryon masses in
Tabs. XX–XXXIV, from the meson matrix elements in Tabs. XXXV–XXXIX to the chimera baryon matrix elements
in Tabs. XL–XLIV. The content of the tables is described in details in the captions. Missing entries denote cases in
which the analysis did not yield a signal strong enough to perform the measurements.
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TABLE VII: Numerical results for the second excited state mass of the mesonic spectrum in ensemble M1. k-G stands for
k-Gauss fit, (k+1)-G is k+1-Gauss fit, k-C stands for k-Cauchy function fit, (k+1)-G k+1-Cauchy function fit, C indicates the
mesonic channel considered, amC is the result of the GEVP analysis, σG is the energy smearing radius used for the Gaussian
fits, σC for the Cauchy fit.

C k Nsource Nsink aE2 k-G aE2 (k + 1)-G aE2 k-C aE2 (k + 1)-C amC σG/mC σC/mC

PS 3 80 80 - - - - 1.09(17) 0.18 0.2
V 3 80 80 0.948(14) 0.9480(95) 1.040(31) 1.046(25) 1.02(60) 0.2 0.26
T 3 80 80 0.935(17) 0.9343(93) 0.975(13) 0.9723(73) 0.96(19) 0.2 0.26
AV 2 80 80 - - - - 1.03(16) 0.2 0.18
AT 3 80 80 - - - - 1.02(19) 0.18 0.18
S 3 80 80 - - - - - 0.18 0.2
ps 3 80 80 1.178(42) 1.178(12) 1.232(63) 1.245(59) 1.21(12) 0.18 0.2
v 2 80 80 - - - - - 0.2 0.26
t 2 80 80 - - - - - 0.2 0.26
av 2 80 80 - - - - - 0.2 0.18
at 3 80 80 1.567(54) 1.571(16) 1.591(16) 1.591(16) 1.56(11) 0.18 0.18
s 3 80 80 1.464(14) 1.464(15) 1.504(36) 1.497(15) 1.479(75) 0.18 0.2

TABLE VIII: Numerical results for the ground state mass of the mesonic spectrum in ensemble M2. k-G stands for k-Gauss
fit, (k + 1)-G is k + 1-Gauss fit, k-C stands for k-Cauchy function fit, (k + 1)-G k + 1-Cauchy function fit, C indicates the
mesonic channel considered, amC is the result of the GEVP analysis, σG is the energy smearing radius used for the Gaussian
fits, σC for the Cauchy fit.

C k Nsource Nsink aE0 k-G aE0 (k + 1)-G aE0 k-C aE0 (k + 1)-C amC σG/mC σC/mC

PS 3 80 80 0.3569(29) 0.3570(36) 0.3543(90) 0.3542(27) 0.3560(19) 0.18 0.18
V 3 80 80 0.3992(16) 0.3992(12) 0.3920(39) 0.3920(39) 0.3965(27) 0.2 0.2
T 3 80 80 0.3939(60) 0.3938(39) 0.4010(12) 0.4010(12) 0.3965(29) 0.2 0.2
AV 3 80 80 0.5428(36) 0.5431(54) 0.5475(25) 0.5476(24) 0.5430(21) 0.18 0.18
AT 3 80 80 0.5405(39) 0.5409(54) 0.5484(55) 0.5484(55) 0.5424(66) 0.18 0.23
S 3 80 80 0.5262(42) 0.5255(53) 0.5295(24) 0.5295(24) 0.5248(66) 0.18 0.18
ps 3 80 80 0.5952(58) 0.5954(18) 0.59980(30) 0.5948(21) 0.5940(13) 0.18 0.18
v 3 80 80 0.6367(62) 0.6377(64) 0.6444(64) 0.6381(18) 0.6379(22) 0.2 0.2
t 3 80 80 0.6345(51) 0.6349(63) 0.6444(64) 0.6444(64) 0.6374(24) 0.2 0.2
av 3 80 80 0.8341(53) 0.8346(83) 0.8433(84) 0.8433(84) 0.8351(74) 0.18 0.18
at 3 80 80 0.8437(61) 0.8433(84) 0.8524(85) 0.8524(85) 0.8442(83) 0.18 0.23
s 3 80 80 0.7914(39) 0.7927(79) 0.8006(42) 0.8012(47) 0.7985(21) 0.18 0.18

TABLE IX: Numerical results for the first excited state mass of the mesonic spectrum in ensemble M2. k-G stands for k-Gauss
fit, (k + 1)-G is k + 1-Gauss fit, k-C stands for k-Cauchy function fit, (k + 1)-G k + 1-Cauchy function fit, C indicates the
mesonic channel considered, amC is the result of the GEVP analysis, σG is the energy smearing radius used for the Gaussian
fits, σC for the Cauchy fit.

C k Nsource Nsink aE1 k-G aE1 (k + 1)-G aE1 k-C aE1 (k + 1)-C amC σG/mC σC/mC

PS 3 80 80 0.6725(91) 0.6731(67) 0.679(11) 0.679(12) 0.677(15) 0.18 0.18
V 3 80 80 0.6637(81) 0.6635(66) 0.6727(81) 0.6737(75) 0.669(36) 0.2 0.2
T 3 80 80 0.6769(96) 0.6775(68) 0.6905(41) 0.6904(12) 0.683(23) 0.2 0.2
AV 3 80 80 0.791(18) 0.7911(79) 0.786(15) 0.791(18) 0.792(21) 0.18 0.18
AT 3 80 80 0.802(13) 0.8022(24) 0.7984(35) 0.7992(85) 0.808(26) 0.18 0.23
S 3 80 80 0.761(14) 0.7648(76) 0.7590(96) 0.7593(99) 0.765(26) 0.18 0.18
ps 3 80 80 0.8971(33) 0.8970(27) 0.8969(27) 0.9071(84) 0.908(22) 0.18 0.18
v 3 80 80 0.942(12) 0.9415(94) 0.9216(77) 0.9314(21) 0.930(19) 0.2 0.2
t 3 80 80 0.938(19) 0.9378(94) 0.9442(94) 0.9442(94) 0.930(24) 0.2 0.2
av 3 80 80 1.069(11) 0.9378(94) 1.055(33) 1.052(33) 1.055(43) 0.18 0.18
at 3 80 80 1.1058(29) 1.106(11) 1.106(11) 1.106(11) 1.12(12) 0.18 0.23
s 3 80 80 1.044(13) 1.040(30) 1.017(30) 1.018(14) 1.034(77) 0.18 0.18
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TABLE X: Numerical results for the second excited state mass of the mesonic spectrum in ensemble M2. k-G stands for
k-Gauss fit, (k+1)-G is k+1-Gauss fit, k-C stands for k-Cauchy function fit, (k+1)-G k+1-Cauchy function fit, C indicates
the mesonic channel considered, amC is the result of the GEVP analysis, σG is the energy smearing radius used for the Gaussian
fits, σC for the Cauchy fit.

C k Nsource Nsink aE2 k-G aE2 (k + 1)-G aE2 k-C aE2 (k + 1)-C amC σG/mC σC/mC

PS 3 80 80 - - - - - 0.18 0.18
V 3 80 80 0.969(24) 0.9706(97) 0.924(22) 0.9136(99) - 0.2 0.2
T 3 80 80 1.012(22) 1.012(30) 1.021(12) 1.017(13) - 0.2 0.2
AV 3 80 80 1.169(33) 1.171(12) 1.187(26) 1.196(22) - 0.18 0.18
AT 3 80 80 1.105(37) 1.105(11) 1.075(29) 1.068(23) - 0.18 0.23
S 3 80 80 - - - - - 0.18 0.18
ps 3 80 80 1.176(24) 1.178(12) 1.348(13) 1.272(24) 1.267(74) 0.18 0.18
v 2 80 80 - - - - - 0.2 0.2
t 2 80 80 - - - - - 0.2 0.2
av 3 80 80 1.533(14) 1.533(15) 1.5528(60) 1.533(11) 1.529(24) 0.18 0.18
at 3 80 80 1.513(89) 1.514(15) 1.511(15) 1.486(21) 1.58(12) 0.18 0.23
s 3 80 80 1.466(12) 1.466(15) 1.435(11) 1.438(12) 1.463(24) 0.18 0.18

TABLE XI: Numerical results for the ground state mass of the mesonic spectrum in ensemble M3. k-G stands for k-Gauss fit,
(k+1)-G is k+1-Gauss fit, k-C stands for k-Cauchy function fit, (k+1)-G k+1-Cauchy function fit, C indicates the mesonic
channel considered, amC is the result of the GEVP analysis, σG is the energy smearing radius used for the Gaussian fits, σC

for the Cauchy fit.

C k Nsource Nsink aE0 k-G aE0 (k + 1)-G aE0 k-C aE0 (k + 1)-C amC σG/mC σC/mC

PS 3 80 80 0.3608(25) 0.3602(36) 0.3626(37) 0.3626(60) 0.3624(15) 0.23 0.22
V 3 80 80 0.4008(27) 0.4009(12) 0.4025(24) 0.4021(16) 0.4027(18) 0.24 0.25
T 3 80 80 0.4002(34) 0.4002(12) 0.3981(18) 0.39810(30) 0.4025(18) 0.28 0.28
AV 3 80 80 0.5346(53) 0.4002(12) 0.5429(28) 0.5431(28) 0.5393(66) 0.18 0.25
AT 3 80 80 0.5376(15) 0.5377(54) 0.5476(60) 0.5477(21) 0.5431(62) 0.25 0.25
S 3 80 80 0.5181(39) 0.5170(52) 0.5210(27) 0.5210(21) 0.5159(68) 0.23 0.23
ps 3 80 80 0.6016(53) 0.6009(18) 0.5940(59) 0.5940(59) 0.59973(87) 0.23 0.22
v 3 80 80 0.6386(64) 0.6009(18) 0.6514(65) 0.6514(65) 0.6454(17) 0.24 0.25
t 3 80 80 0.6405(64) 0.6009(18) 0.6532(13) 0.6522(29) 0.6469(22) 0.28 0.28
av 3 80 80 0.8268(12) 0.8268(83) 0.8335(59) 0.8329(58) 0.836(30) 0.18 0.25
at 3 80 80 0.84620(90) 0.8460(85) 0.8296(83) 0.8296(30) 0.838(11) 0.25 0.25
s 3 80 80 0.8057(41) 0.8054(81) 0.8100(81) 0.8100(81) 0.8024(87) 0.23 0.23

TABLE XII: Numerical results for the first excited state mass of the mesonic spectrum in ensemble M3. k-G stands for k-Gauss
fit, (k + 1)-G is k + 1-Gauss fit, k-C stands for k-Cauchy function fit, (k + 1)-G k + 1-Cauchy function fit, C indicates the
mesonic channel considered, amC is the result of the GEVP analysis, σG is the energy smearing radius used for the Gaussian
fits, σC for the Cauchy fit.

C k Nsource Nsink aE1 k-G aE1 (k + 1)-G aE1 k-C aE1 (k + 1)-C amC σG/mC σC/mC

PS 3 80 80 0.6485(48) 0.6521(65) 0.655(14) 0.6499(76) 0.656(16) 0.23 0.22
V 3 80 80 0.6822(72) 0.6822(68) 0.6815(35) 0.6812(60) 0.690(12) 0.24 0.25
T 3 80 80 0.6809(69) 0.6808(68) 0.684(11) 0.684(30) 0.690(14) 0.28 0.28
AV 3 80 80 0.7668(77) 0.6808(68) 0.7801(68) 0.7796(63) 0.778(17) 0.18 0.25
AT 3 80 80 0.7775(65) 0.7774(78) 0.7850(94) 0.7849(89) 0.789(18) 0.25 0.25
S 3 80 80 0.7571(96) 0.7613(76) 0.7543(45) 0.7543(51) 0.766(60) 0.23 0.23
ps 3 80 80 0.9064(34) 0.9064(91) 0.9060(91) 0.9060(91) 0.9172(74) 0.23 0.22
v 3 80 80 0.9224(92) 0.9064(91) 0.9224(92) 0.9224(92) 0.937(14) 0.24 0.25
t 3 80 80 0.9187(92) 0.9064(91) 0.9194(74) 0.9198(61) 0.934(19) 0.28 0.28
av 3 80 80 1.1019(49) 1.102(11) 1.0692(37) 1.0690(60) 1.088(14) 0.18 0.25
at 3 80 80 1.113(30) 1.113(11) 1.081(11) 1.0810(60) 1.096(60) 0.25 0.25
s 3 80 80 1.0506(15) 1.051(11) 1.083(11) 1.083(11) 1.062(16) 0.23 0.23
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TABLE XIII: Numerical results for the second excited state mass of the mesonic spectrum in ensemble M3. k-G stands for
k-Gauss fit, (k+1)-G is k+1-Gauss fit, k-C stands for k-Cauchy function fit, (k+1)-G k+1-Cauchy function fit, C indicates the
mesonic channel considered, amC is the result of the GEVP analysis, σG is the energy smearing radius used for the Gaussian
fits, σC for the Cauchy fit.

C k Nsource Nsink aE2 k-G aE2 (k + 1)-G aE2 k-C aE2 (k + 1)-C amC σG/mC σC/mC

PS 3 80 80 - - - - - 0.23 0.22
V 3 80 80 0.992(27) 0.9927(99) 1.006(13) 1.003(14) 1.049(32) 0.24 0.25
T 3 80 80 0.989(21) 0.9888(99) 0.934(30) 0.935(11) 1.057(48) 0.28 0.28
AV 3 80 80 1.165(15) 1.166(12) 1.162(17) 1.158(14) - 0.18 0.25
AT 3 80 80 1.107(25) 1.105(11) 1.027(21) 1.029(22) 1.085(73) 0.25 0.25
S 3 80 80 - - - - - 0.23 0.23
ps 3 80 80 1.170(12) - 1.170(12) 1.170(12) 1.264(49) 0.23 0.22
v 3 80 80 - - - - - 0.24 0.25
t 3 80 80 - - - - - 0.28 0.28
av 3 80 80 1.517(14) 1.518(15) 1.426(66) 1.468(61) - 0.18 0.25
at 3 80 80 1.484(13) 1.488(15) 1.534(15) 1.531(29) - 0.25 0.25
s 3 80 80 1.490(11) 1.491(15) 1.492(15) 1.490(33) - 0.23 0.23

TABLE XIV: Numerical results for the ground state mass in ensemble M4. k-G stands for k-Gauss fit, (k+1)-G is k+1-Gauss
fit, k-C stands for k-Cauchy function fit, (k+1)-G k+1-Cauchy function fit, C indicates the mesonic channel considered, amC

is the result of the GEVP analysis, σG is the energy smearing radius used for the Gaussian fits, σC for the Cauchy fit.

C k Nsource Nsink aE0 k-G aE0 (k + 1)-G aE0 k-C aE0 (k + 1)-C amC σG/mC σC/mC

PS 3 80 80 0.4097(32) 0.4094(41) 0.4071(37) 0.4071(37) 0.4081(25) 0.24 0.24
V 3 80 80 0.4425(44) 0.4094(41) 0.4472(38) 0.4469(37) 0.4474(35) 0.23 0.2
T 3 80 80 0.4396(33) 0.4399(44) 0.4448(17) 0.4449(16) 0.4413(24) 0.23 0.25
AV 2 80 80 0.5885(54) 0.5889(59) 0.5913(12) 0.5906(39) 0.5863(27) 0.2 0.2
AT 2 80 80 0.5882(27) 0.5925(59) 0.5988(24) 0.5988(12) 0.5930(77) 0.25 0.25
S 2 80 80 0.5598(28) 0.5620(56) 0.5642(43) 0.5640(34) 0.56388(27) 0.24 0.2
ps 3 80 80 0.6234(15) 0.6234(62) 0.6178(62) 0.6178(62) 0.62363(95) 0.24 0.24
v 3 80 80 0.6766(30) 0.6767(68) 0.6742(47) 0.6739(41) 0.6698(13) 0.23 0.2
t 3 80 80 0.67670(30) 0.6767(68) 0.6757(34) 0.6767(68) 0.6697(14) 0.23 0.25
av 2 80 80 0.87360(90) 0.8736(87) 0.8604(18) 0.8673(43) 0.8651(72) 0.2 0.2
at 2 80 80 0.8794(39) 0.8803(88) 0.8807(88) 0.8807(88) 0.872(13) 0.25 0.25
s 2 80 80 0.8385(24) 0.8387(84) 0.8354(57) 0.8353(56) 0.8307(66) 0.24 0.2

TABLE XV: Numerical results for the first excited state mass of the mesonic spectrum in ensemble M4. k-G stands for k-Gauss
fit, (k + 1)-G is k + 1-Gauss fit, k-C stands for k-Cauchy function fit, (k + 1)-G k + 1-Cauchy function fit, C indicates the
mesonic channel considered, amC is the result of the GEVP analysis, σG is the energy smearing radius used for the Gaussian
fits, σC for the Cauchy fit.

C k Nsource Nsink aE1 k-G aE1 (k + 1)-G aE1 k-C aE1 (k + 1)-C amC σG/mC σC/mC

PS 3 80 80 0.618(11) 0.6159(62) 0.613(15) 0.613(15) 0.615(47) 0.24 0.24
V 3 80 80 0.6929(69) 0.6159(62) 0.705(12) 0.705(12) 0.700(32) 0.23 0.2
T 3 80 80 0.726(11) 0.7257(73) 0.7251(88) 0.7250(85) 0.731(60) 0.23 0.25
AV 2 80 80 0.787(12) 0.7780(78) 0.785(11) 0.7861(62) 0.782(55) 0.2 0.2
AT 2 80 80 0.838(18) 0.8418(84) 0.847(16) 0.845(12) 0.843(29) 0.25 0.25
S 2 80 80 0.743(15) 0.7403(74) 0.739(16) 0.739(12) - 0.24 0.2
ps 3 80 80 0.932(11) 0.9326(93) 0.9298(93) 0.9298(93) 0.941(24) 0.24 0.24
v 3 80 80 0.962(26) 0.9613(96) 0.9514(95) 0.9514(95) 0.963(27) 0.23 0.2
t 3 80 80 0.9447(21) 0.9447(94) 0.9453(18) 0.952(21) 0.955(35) 0.23 0.25
av 2 80 80 1.104(24) 1.104(11) 1.112(28) 1.117(60) 1.113(15) 0.2 0.2
at 2 80 80 1.115(90) 1.120(11) 1.0925(62) 1.111(13) 1.101(91) 0.25 0.25
s 2 80 80 1.060(19) 1.060(11) 1.057(14) 1.057(14) 1.068(59) 0.24 0.2
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TABLE XVI: Numerical results for the second excited state mass of the mesonic spectrum in ensemble M4. k-G stands for
k-Gauss fit, (k+1)-G is k+1-Gauss fit, k-C stands for k-Cauchy function fit, (k+1)-G k+1-Cauchy function fit, C indicates the
mesonic channel considered, amC is the result of the GEVP analysis, σG is the energy smearing radius used for the Gaussian
fits, σC for the Cauchy fit.

C k Nsource Nsink aE2 k-G aE2 (k + 1)-G aE2 k-C aE2 (k + 1)-C amC σG/mC σC/mC

PS 3 80 80 - - - - - 0.24 0.24
V 3 80 80 1.016(14) 1.016(30) 1.000(29) 1.003(28) 0.978(96) 0.23 0.2
T 3 80 80 1.008(43) 1.001(30) 0.998(31) 0.999(27) 1.00(30) 0.23 0.25
AV 2 80 80 - - - - 1.16(60) 0.2 0.2
AT 2 80 80 - - - - - 0.25 0.25
S 2 80 80 - - - - - 0.24 0.2
ps 3 80 80 1.207(57) 1.210(12) 1.224(44) 1.157(36) 1.18(12) 0.24 0.24
v 3 80 80 1.200(36) 1.220(30) 1.218(57) 1.218(61) 1.21(34) 0.23 0.2
t 3 80 80 1.204(25) 1.204(12) 1.260(11) 1.284(21) 1.21(39) 0.23 0.25
av 2 80 80 - - - - - 0.2 0.2
at 2 80 80 - - - - - 0.25 0.25
s 2 80 80 - - - - - 0.24 0.2

TABLE XVII: Numerical results for the ground state mass of the mesonic spectrum in ensemble M5. k-G stands for k-Gauss
fit, (k + 1)-G is k + 1-Gauss fit, k-C stands for k-Cauchy function fit, (k + 1)-G k + 1-Cauchy function fit, C indicates the
mesonic channel considered, amC is the result of the GEVP analysis, σG is the energy smearing radius used for the Gaussian
fits, σC for the Cauchy fit.

C k Nsource Nsink aE0 k-G aE0 (k + 1)-G aE0 k-C aE0 (k + 1)-C amC σG/mC σC/mC

PS 2 80 80 0.2941(23) 0.2937(29) 0.2933(27) 0.2933(27) 0.2939(18) 0.2 0.2
V 3 80 80 0.3577(25) 0.3576(36) 0.3528(14) 0.3525(15) 0.3361(28) 0.2 0.25
T 3 80 80 0.3432(24) 0.3433(34) 0.3438(15) 0.3438(14) 0.3418(24) 0.2 0.25
AV 2 80 80 0.5121(26) 0.5087(51) 0.5131(51) 0.5130(30) 0.5077(81) 0.2 0.2
AT 2 80 80 0.5109(26) 0.5110(51) 0.5054(38) 0.5046(35) 0.506(11) 0.2 0.2
S 2 80 80 0.4832(16) 0.4831(48) 0.4810(39) 0.4799(44) 0.478(30) 0.2 0.2
ps 2 80 80 0.5677(35) 0.5676(57) 0.5676(36) 0.5679(39) 0.5724(13) 0.2 0.2
v 3 80 80 0.6259(32) 0.6259(63) 0.6148(61) 0.6181(14) 0.6208(17) 0.2 0.25
t 3 80 80 0.6257(32) 0.6250(63) 0.6272(63) 0.62720(30) 0.6208(19) 0.2 0.25
av 2 80 80 0.7954(62) 0.7954(24) 0.7973(55) 0.7972(51) 0.7987(27) 0.2 0.2
at 2 80 80 0.8128(17) 0.8127(81) 0.8125(15) 0.8097(13) 0.806(14) 0.2 0.2
s 2 80 80 0.7687(53) 0.7686(77) 0.7564(76) 0.7566(24) 0.7646(68) 0.2 0.2

TABLE XVIII: Numerical results for the first excited state mass of the mesonic spectrum in ensemble M5. k-G stands for
k-Gauss fit, (k+1)-G is k+1-Gauss fit, k-C stands for k-Cauchy function fit, (k+1)-G k+1-Cauchy function fit, C indicates the
mesonic channel considered, amC is the result of the GEVP analysis, σG is the energy smearing radius used for the Gaussian
fits, σC for the Cauchy fit.

C k Nsource Nsink aE1 k-G aE1 (k + 1)-G aE1 k-C aE1 (k + 1)-C amC σG/mC σC/mC

PS 2 80 80 0.6303(96) 0.6296(63) 0.629(11) 0.629(11) 0.631(60) 0.2 0.2
V 3 80 80 0.644(30) 0.6437(64) 0.6546(90) 0.6544(28) 0.650(33) 0.2 0.25
T 3 80 80 0.648(30) 0.6485(65) 0.650(11) 0.650(11) 0.649(21) 0.2 0.25
AV 2 80 80 0.769(11) 0.7756(78) 0.771(15) 0.773(14) 0.774(15) 0.2 0.2
at 2 80 80 0.775(14) 0.7746(77) 0.777(14) 0.779(15) 0.777(18) 0.2 0.2
S 2 80 80 0.720(30) 0.7201(72) 0.7196(75) 0.7195(62) 0.729(27) 0.2 0.2
ps 2 80 80 0.8923(15) 0.8920(89) 0.874(19) 0.873(16) 0.884(14) 0.2 0.2
v 3 80 80 0.915(18) 0.9153(92) 0.8942(89) 0.8960(74) 0.905(60) 0.2 0.25
t 3 80 80 0.903(60) 0.9069(91) 0.9129(91) 0.9129(91) 0.899(24) 0.2 0.25
av 2 80 80 0.999(30) 0.9069(91) 0.976(17) 0.979(15) 0.984(56) 0.2 0.2
at 2 80 80 0.9492(88) 0.9496(95) 0.9499(95) 0.9499(95) 0.94(11) 0.2 0.2
s 2 80 80 1.003(14) 1.004(30) 1.01350(270) 1.013(12) 1.016(33) 0.2 0.2
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TABLE XIX: Numerical results for the second excited state mass of the mesonic spectrum in ensemble M5. k-G stands for
k-Gauss fit, (k+1)-G is k+1-Gauss fit, k-C stands for k-Cauchy function fit, (k+1)-G k+1-Cauchy function fit, C indicates the
mesonic channel considered, amC is the result of the GEVP analysis, σG is the energy smearing radius used for the Gaussian
fits, σC for the Cauchy fit.

C k Nsource Nsink aE2 k-G aE2 (k + 1)-G aE2 k-C aE2 (k + 1)-C amC σG/mC σC/mC

PS 2 80 80 - - - - - 0.2 0.2
V 3 80 80 0.916(25) 0.9151(92) 0.900(13) 0.898(13) 0.90(30) 0.2 0.25
T 3 80 80 0.830(29) 0.8331(83) 0.867(19) 0.865(18) 0.85(17) 0.2 0.25
AV 2 80 80 - - - - - 0.2 0.2
AT 2 80 80 1.079(32) 1.078(11) 1.083(22) 1.092(25) 1.10(90) 0.2 0.2
S 2 80 80 1.199(38) 1.195(12) 1.204(38) 1.206(35) 1.193(77) 0.2 0.2
ps 2 80 80 - - - - - 0.2 0.2
v 3 80 80 1.259(42) 1.261(13) 1.279(13) 1.265(60) 1.293(89) 0.2 0.25
t 3 80 80 1.2317(74) 1.231(12) 1.234(13) 1.224(13) 1.21(11) 0.2 0.25
av 2 80 80 - - - - - 0.2 0.2
at 2 80 80 - - - - - 0.2 0.2
s 2 80 80 - - - - - 0.2 0.2

TABLE XX: Numerical results for the ground state mass of the chimera baryon spectrum in ensemble M1. k-G stands for
k-Gauss fit, (k+1)-G is k+1-Gauss fit, k-C stands for k-Cauchy function fit, (k+1)-G k+1-Cauchy function fit, C indicates
the chimera baryons channel considered, amC is the result of the GEVP analysis, σG is the energy smearing radius used for
the Gaussian fits, σC for the Cauchy fit.

C k Nsource Nsink aE0 k-G aE0 (k + 1)-G aE0 k-C aE0 (k + 1)-C amC σG/mC σC/mC

Λ+
CB 2 80 80 0.7757(62) 0.77560(90) 0.7757(62) 0.7757(62) 0.7686(59) 0.32 0.32

Σ+
CB 2 80 80 0.7582(73) 0.7580(74) 0.7592(66) 0.7517(37) 0.7577(41) 0.3 0.3

Σ∗+
CB 2 80 80 0.7918(63) 0.7918(63) 0.7918(63) 0.7918(63) 0.7842(59) 0.2 0.2

Λ−
CB 2 80 80 0.8880(71) 0.8880(71) 0.9039(55) 0.9033(62) 0.897(13) 0.22 0.22

Σ−
CB 2 80 80 0.8999(72) 0.8999(72) 0.9181(73) 0.9181(73) 0.909(15) 0.18 0.18

Σ∗−
CB 2 80 80 0.9061(44) 0.9061(45) 0.8989(72) 0.8989(72) 0.907(15) 0.2 0.2

TABLE XXI: Numerical results for the first excited state mass of the chimera baryon spectrum in ensemble M1. k-G stands
for k-Gauss fit, (k + 1)-G is k + 1-Gauss fit, k-C stands for k-Cauchy function fit, (k + 1)-G k + 1-Cauchy function fit, C
indicates the chimera baryons channel considered, amC is the result of the GEVP analysis, σG is the energy smearing radius
used for the Gaussian fits, σC for the Cauchy fit.

C k Nsource Nsink aE1 k-G aE1 (k + 1)-G aE1 k-C aE1 (k + 1)-C amC σG/mC σC/mC

Λ+
CB 2 80 80 0.9754(98) 0.9756(37) 0.9754(98) 0.9760(35) 0.995(26) 0.32 0.32

Σ+
CB 2 80 80 0.990(20) 0.990(19) 1.016(10) 1.016(10) 0.998(21) 0.3 0.3

Σ∗+
CB 2 80 80 1.043(10) 1.043(10) 1.036(26) 1.0424(41) 1.026(20) 0.2 0.2

Λ−
CB 2 80 80 1.005(10) 1.005(10) 1.0051(37) 1.0062(35) 1.026(76) 0.22 0.22

Σ−
CB 2 80 80 1.095(11) 1.096(17) 1.082(11) 1.082(11) 1.103(60) 0.18 0.18

Σ∗−
CB 2 80 80 1.0451(60) 1.0451(60) 1.044(10) 1.044(10) 1.063(66) 0.2 0.2

TABLE XXII: Numerical results for the second excited state mass of the chimera baryon spectrum in ensemble M1. k-G
stands for k-Gauss fit, (k+1)-G is k+1-Gauss fit, k-C stands for k-Cauchy function fit, (k+1)-G k+1-Cauchy function fit, C
indicates the chimera baryons channel considered, amC is the result of the GEVP analysis, σG is the energy smearing radius
used for the Gaussian fits, σC for the Cauchy fit.

C k Nsource Nsink aE2 k-G aE2 (k + 1)-G aE2 k-C aE2 (k + 1)-C amC σG/mC σC/mC

Λ+
CB 2 80 80 - - - - 1.33(12) 0.32 0.32

Σ+
CB 2 80 80 - - - - 1.345(79) 0.3 0.3

Σ∗+
CB 2 80 80 - - - - 1.377(59) 0.2 0.2

Λ−
CB 2 80 80 - - - - - 0.22 0.22

Σ−
CB 2 80 80 - - - - - 0.18 0.18

Σ∗−
CB 2 80 80 - - - - - 0.2 0.2
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TABLE XXIII: Numerical results for the ground state mass of the chimera baryon spectrum in ensemble M2. k-G stands for
k-Gauss fit, (k+1)-G is k+1-Gauss fit, k-C stands for k-Cauchy function fit, (k+1)-G k+1-Cauchy function fit, C indicates
the chimera baryons channel considered, amC is the result of the GEVP analysis, σG is the energy smearing radius used for
the Gaussian fits, σC for the Cauchy fit.

C k Nsource Nsink aE0 k-G aE0 (k + 1)-G aE0 k-C aE0 (k + 1)-C amC σG/mC σC/mC

Λ+
CB 2 80 80 0.7525(12) 0.7526(15) 0.7575(61) 0.7575(15) 0.7595(78) 0.3 0.3

Σ+
CB 3 80 80 0.7676(61) 0.7676(61) 0.7652(33) 0.7652(31) 0.7494(43) 0.23 0.23

Σ∗+
CB 2 80 80 0.7675(18) 0.7676(21) 0.7827(63) 0.7827(63) 0.7750(57) 0.2 0.2

Λ−
CB 3 80 80 0.9039(72) 0.9039(72) 0.9039(72) 0.9039(72) 0.913(18) 0.33 0.33

Σ−
CB 2 80 80 0.9292(74) 0.9292(74) 0.9289(21) 0.9290(15) 0.920(29) 0.18 0.18

Σ∗−
CB 2 80 80 0.9353(75) 0.9353(75) 0.9353(75) 0.9353(75) 0.926(22) 0.2 0.2

TABLE XXIV: Numerical results for the first excited state mass of the chimera baryon spectrum in ensemble M2. k-G stands
for k-Gauss fit, (k + 1)-G is k + 1-Gauss fit, k-C stands for k-Cauchy function fit, (k + 1)-G k + 1-Cauchy function fit, C
indicates the chimera baryons channel considered, amC is the result of the GEVP analysis, σG is the energy smearing radius
used for the Gaussian fits, σC for the Cauchy fit.

C k Nsource Nsink aE1 k-G aE1 (k + 1)-G aE1 k-C aE1 (k + 1)-C amC σG/mC σC/mC

Λ+
CB 2 80 80 0.9881(99) 0.9880(99) 0.9880(99) 0.9880(99) 1.008(55) 0.3 0.3

Σ+
CB 3 80 80 0.988(23) 0.988(22) 0.9671(82) 0.9673(86) 0.979(41) 0.23 0.23

Σ∗+
CB 2 80 80 0.9765(98) 0.9766(98) 0.978(13) 0.9768(62) 0.992(59) 0.2 0.2

Λ−
CB 3 80 80 1.059(11) 1.059(11) 1.059(11) 1.059(11) - 0.33 0.33

Σ−
CB 2 80 80 1.095(11) 1.095(11) 1.0945(45) 1.095(11) 1.075(59) 0.18 0.18

Σ∗−
CB 2 80 80 1.157(12) 1.157(12) 1.164(12) 1.1635(13) 1.18(12) 0.2 0.2

TABLE XXV: Numerical results for the second excited state mass of the chimera baryon spectrum in ensemble M2. k-G
stands for k-Gauss fit, (k+1)-G is k+1-Gauss fit, k-C stands for k-Cauchy function fit, (k+1)-G k+1-Cauchy function fit, C
indicates the chimera baryons channel considered, amC is the result of the GEVP analysis, σG is the energy smearing radius
used for the Gaussian fits, σC for the Cauchy fit.

C k Nsource Nsink aE2 k-G aE2 (k + 1)-G aE2 k-C aE2 (k + 1)-C amC σG/mC σC/mC

Λ+
CB 2 80 80 - - - - - 0.3 0.3

Σ+
CB 3 80 80 1.283(27) 1.283(28) 1.271(23) 1.270(21) 1.31(22) 0.23 0.23

Σ∗+
CB 2 80 80 1.275(25) 1.275(25) 1.2724(84) 1.2743(40) - 0.2 0.2

Λ−
CB 3 80 80 - - - - - 0.33 0.33

Σ−
CB 2 80 80 - - - - - 0.18 0.18

Σ∗−
CB 2 80 80 - - - - - 0.2 0.2

TABLE XXVI: Numerical results for the ground state mass of the chimera baryon spectrum in ensemble M3. k-G stands for
k-Gauss fit, (k+1)-G is k+1-Gauss fit, k-C stands for k-Cauchy function fit, (k+1)-G k+1-Cauchy function fit, C indicates
the chimera baryons channel considered, amC is the result of the GEVP analysis, σG is the energy smearing radius used for
the Gaussian fits, σC for the Cauchy fit.

C k Nsource Nsink aE0 k-G aE0 (k + 1)-G aE0 k-C aE0 (k + 1)-C amC σG/mC σC/mC

Λ+
CB 2 80 80 0.7579(24) 0.7594(22) 0.7574(61) 0.7574(61) 0.7649(52) 0.27 0.27

Σ+
CB 3 80 80 0.7636(61) 0.7636(61) 0.7502(40) 0.7503(44) 0.7557(36) 0.28 0.28

Σ∗+
CB 3 80 80 0.7928(63) 0.7928(63) 0.7928(63) 0.7928(63) 0.7865(45) 0.18 0.18

Λ−
CB 3 80 80 0.9332(75) 0.9332(75) 0.9167(56) 0.9165(52) 0.925(11) 0.25 0.25

Σ−
CB 3 80 80 0.9138(73) 0.9138(73) 0.9138(73) 0.9138(73) 0.923(20) 0.32 0.32

Σ∗−
CB 2 80 80 0.9295(36) 0.9292(30) 0.9286(74) 0.9286(74) 0.938(15) 0.24 0.24
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TABLE XXVII: Numerical results for the first excited state mass of the chimera baryon spectrum in ensemble M3. k-G stands
for k-Gauss fit, (k + 1)-G is k + 1-Gauss fit, k-C stands for k-Cauchy function fit, (k + 1)-G k + 1-Cauchy function fit, C
indicates the chimera baryons channel considered, amC is the result of the GEVP analysis, σG is the energy smearing radius
used for the Gaussian fits, σC for the Cauchy fit.

C k Nsource Nsink aE1 k-G aE1 (k + 1)-G aE1 k-C aE1 (k + 1)-C amC σG/mC σC/mC

Λ+
CB 2 80 80 1.0157(33) 1.0155(25) 1.040(10) 1.040(10) 1.022(12) 0.27 0.27

Σ+
CB 3 80 80 1.028(10) 1.028(10) 0.9983(59) 0.9981(41) 1.0150(89) 0.28 0.28

Σ∗+
CB 3 80 80 1.015(23) 1.013(24) 1.019(20) 1.016(14) 1.011(19) 0.18 0.18

Λ−
CB 3 80 80 1.127(11) 1.127(11) 1.100(31) 1.115(30) 1.102(27) 0.25 0.25

Σ−
CB 3 80 80 1.154(11) 1.154(11) 1.117(11) 1.117(11) 1.134(31) 0.32 0.32

Σ∗−
CB 2 80 80 1.164(12) 1.164(12) 1.163(12) 1.1633(37) 1.184(14) 0.24 0.24

TABLE XXVIII: Numerical results for the second excited state mass of the chimera baryon spectrum in ensemble M3. k-G
stands for k-Gauss fit, (k+1)-G is k+1-Gauss fit, k-C stands for k-Cauchy function fit, (k+1)-G k+1-Cauchy function fit, C
indicates the chimera baryons channel considered, amC is the result of the GEVP analysis, σG is the energy smearing radius
used for the Gaussian fits, σC for the Cauchy fit.

C k Nsource Nsink aE2 k-G aE2 (k + 1)-G aE2 k-C aE2 (k + 1)-C amC σG/mC σC/mC

Λ+
CB 2 80 80 - - - - 1.377(46) 0.27 0.27

Σ+
CB 3 80 80 1.294(25) 1.294(25) 1.293(30) 1.293(20) 1.352(28) 0.28 0.28

Σ∗+
CB 3 80 80 1.286(14) 1.289(13) 1.299(26) 1.299(26) 1.325(24) 0.18 0.18

Λ−
CB 3 80 80 1.317(26) 1.317(26) 1.313(36) 1.313(37) - 0.25 0.25

Σ−
CB 3 80 80 - - - - - 0.32 0.32

Σ∗−
CB 2 80 80 - - - - - 0.24 0.24

TABLE XXIX: Numerical results for the ground state mass of the chimera baryon spectrum in ensemble M4. k-G stands for
k-Gauss fit, (k+1)-G is k+1-Gauss fit, k-C stands for k-Cauchy function fit, (k+1)-G k+1-Cauchy function fit, C indicates
the chimera baryons channel considered, amC is the result of the GEVP analysis, σG is the energy smearing radius used for
the Gaussian fits, σC for the Cauchy fit.

C k Nsource Nsink aE0 k-G aE0 (k + 1)-G aE0 k-C aE0 (k + 1)-C amC σG/mC σC/mC

Λ+
CB 2 80 80 0.8177(65) 0.8177(65) 0.8343(67) 0.8343(67) 0.8260(32) 0.3 0.3

Σ+
CB 3 80 80 0.8039(64) 0.8039(64) 0.8201(66) 0.8201(66) 0.8122(28) 0.25 0.25

Σ∗+
CB 2 80 80 0.8346(67) 0.8346(67) 0.8514(68) 0.8514(68) 0.8434(42) 0.25 0.25

Λ−
CB 3 80 80 0.9484(76) 0.9484(76) 0.9484(76) 0.9485(14) 0.959(30) 0.27 0.27

Σ−
CB 2 80 80 0.9505(76) 0.9504(76) 0.9504(76) 0.9504(76) 0.961(19) 0.25 0.25

Σ∗−
CB 2 80 80 0.9445(76) 0.9445(76) 0.9445(76) 0.9466(22) 0.955(26) 0.3 0.3

TABLE XXX: Numerical results for the first excited state mass of the chimera baryon spectrum in ensemble M4. k-G stands
for k-Gauss fit, (k + 1)-G is k + 1-Gauss fit, k-C stands for k-Cauchy function fit, (k + 1)-G k + 1-Cauchy function fit, C
indicates the chimera baryons channel considered, amC is the result of the GEVP analysis, σG is the energy smearing radius
used for the Gaussian fits, σC for the Cauchy fit.

C k Nsource Nsink aE1 k-G aE1 (k + 1)-G aE1 k-C aE1 (k + 1)-C amC σG/mC σC/mC

Λ+
CB 2 80 80 1.008(10) 1.008(10) 1.0079(16) 1.008(10) 1.023(38) 0.3 0.3

Σ+
CB 3 80 80 1.015(10) 1.015(10) 0.990(18) 0.984(12) 1.001(38) 0.25 0.25

Σ∗+
CB 2 80 80 0.9947(99) 0.9947(99) 0.9947(99) 0.9947(99) 1.012(36) 0.25 0.25

Λ−
CB 3 80 80 1.150(11) 1.150(11) 1.150(11) 1.151(13) 1.171(28) 0.27 0.27

Σ−
CB 2 80 80 1.164(23) 1.168(31) 1.173(38) 1.153(13) 1.173(43) 0.25 0.25

Σ∗−
CB 2 80 80 1.1274(76) 1.1285(82) 1.164(12) 1.157(12) 1.143(88) 0.3 0.3
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TABLE XXXI: Numerical results for the second excited state mass of the chimera baryon spectrum in ensemble M4. k-G
stands for k-Gauss fit, (k+1)-G is k+1-Gauss fit, k-C stands for k-Cauchy function fit, (k+1)-G k+1-Cauchy function fit, C
indicates the chimera baryons channel considered, amC is the result of the GEVP analysis, σG is the energy smearing radius
used for the Gaussian fits, σC for the Cauchy fit.

C k Nsource Nsink aE2 k-G aE2 (k + 1)-G aE2 k-C aE2 (k + 1)-C amC σG/mC σC/mC

Λ+
CB 2 80 80 - - - - 1.28(15) 0.3 0.3

Σ+
CB 3 80 80 - - - - - 0.25 0.25

Σ∗+
CB 2 80 80 1.361(27) 1.358(11) 1.3613(10) 1.3608(26) 1.329(71) 0.25 0.25

Λ−
CB 3 80 80 - - - - - 0.27 0.27

Σ−
CB 2 80 80 - - - - - 0.25 0.25

Σ∗−
CB 2 80 80 - - - - - 0.3 0.3

TABLE XXXII: Numerical results for the ground state mass of the chimera baryon spectrum in ensemble M5. k-G stands for
k-Gauss fit, (k+1)-G is k+1-Gauss fit, k-C stands for k-Cauchy function fit, (k+1)-G k+1-Cauchy function fit, C indicates
the chimera baryons channel considered, amC is the result of the GEVP analysis, σG is the energy smearing radius used for
the Gaussian fits, σC for the Cauchy fit.

C k Nsource Nsink aE0 k-G aE0 (k + 1)-G aE0 k-C aE0 (k + 1)-C amC σG/mC σC/mC

Λ+
CB 2 80 80 0.6861(55) 0.6861(55) 0.6999(56) 0.6999(56) 0.6928(46) 0.25 0.25

Σ+
CB 3 80 80 0.6762(54) 0.6762(54) 0.6859(40) 0.6868(37) 0.6826(47) 0.3 0.3

Σ∗+
CB 2 80 80 0.6999(56) 0.6999(56) 0.7081(50) 0.7010(19) 0.7062(62) 0.2 0.2

Λ−
CB 3 80 80 0.8398(81) 0.8398(81) 0.8299(14) 0.8297(66) 0.839(15) 0.3 0.3

Σ−
CB 2 80 80 0.8524(68) 0.8524(68) 0.8356(67) 0.8356(67) 0.845(19) 0.2 0.2

Σ∗−
CB 2 80 80 0.8546(75) 0.8574(83) 0.8666(69) 0.8666(69) 0.858(18) 0.25 0.25

TABLE XXXIII: Numerical results for the first excited state mass of the chimera baryon spectrum in ensemble M5. k-G
stands for k-Gauss fit, (k+1)-G is k+1-Gauss fit, k-C stands for k-Cauchy function fit, (k+1)-G k+1-Cauchy function fit, C
indicates the chimera baryons channel considered, amC is the result of the GEVP analysis, σG is the energy smearing radius
used for the Gaussian fits, σC for the Cauchy fit.

C k Nsource Nsink aE1 k-G aE1 (k + 1)-G aE1 k-C aE1 (k + 1)-C amC σG/mC σC/mC

Λ+
CB 2 80 80 0.942(12) 0.943(13) 0.9356(94) 0.9356(94) 0.951(38) 0.25 0.25

Σ+
CB 3 80 80 0.907(24) 0.904(22) 0.919(10) 0.913(18) 0.906(45) 0.3 0.3

Σ∗+
CB 2 80 80 0.8982(46) 0.8982(46) 0.916(20) 0.8988(21) 0.912(45) 0.2 0.2

Λ−
CB 3 80 80 1.025(11) 1.025(11) 1.025(16) 1.024(14) 1.043(41) 0.3 0.3

Σ−
CB 2 80 80 1.055(11) 1.055(11) 1.055(11) 1.055(11) 1.038(43) 0.2 0.2

Σ∗−
CB 2 80 80 1.0983(13) 1.0992(95) 1.098(11) 1.098(11) 1.115(24) 0.25 0.25

TABLE XXXIV: Numerical results for the second excited state mass of the chimera baryon spectrum in ensemble M5. k-G
stands for k-Gauss fit, (k+1)-G is k+1-Gauss fit, k-C stands for k-Cauchy function fit, (k+1)-G k+1-Cauchy function fit, C
indicates the chimera baryons channel considered, amC is the result of the GEVP analysis, σG is the energy smearing radius
used for the Gaussian fits, σC for the Cauchy fit.

C k Nsource Nsink aE2 k-G aE2 (k + 1)-G aE2 k-C aE2 (k + 1)-C amC σG/mC σC/mC

Λ+
CB 2 80 80 - - - - 1.287(73) 0.25 0.25

Σ+
CB 3 80 80 1.226(25) 1.226(25) 1.178(24) 1.183(23) 1.204(96) 0.3 0.3

Σ∗+
CB 2 80 80 1.312(26) 1.312(26) 1.288(14) 1.2681(74) 1.287(58) 0.2 0.2

Λ−
CB 3 80 80 - - - - 1.11(12) 0.3 0.3

Σ−
CB 2 80 80 - - - - 0.963(95) 0.2 0.2

Σ∗−
CB 2 80 80 - - - - - 0.25 0.25
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TABLE XXXV: Numerical results for the mesons matrix elements in ensemble M1. G stands for Gaussian fit, C stands for
Cauchy function fit, C indicates the mesonic channel considered, cM,0 is the result of the correlator fitting analysis, σG is the
energy smearing radius used for the Gaussian fits, σC for the Cauchy fit.

C a2cM,0-G a2cM,0-C a2cM,0(corr.) σG/mC σC/mC

PS 0.0259(4) 0.0259(4) 0.0262(4) 0.33 0.32
V 0.0454(8) 0.0454(8) 0.0446(6) 0.3 0.22
AV 0.0454(7) 0.0454(7) 0.0446(19) 0.2 0.18
ps 0.0680(13) 0.0680(14) 0.0689(16) 0.33 0.32
v 0.0914(22) 0.0914(24) 0.0930(26) 0.3 0.22
av 0.0822(16) 0.0822(17) 0.0825(33) 0.2 0.18

TABLE XXXVI: Numerical results for the mesons matrix elements in ensemble M2. G stands for Gaussian fit, C stands for
Cauchy function fit, C indicates the mesonic channel considered, cM,0 is the result of the correlator fitting analysis, σG is the
energy smearing radius used for the Gaussian fits, σC for the Cauchy fit.

C a2cM,0-G a2cM,0-C a2cM,0(corr.) σG/mC σC/mC

PS 0.0252(4) 0.0252(4) 0.0249(4) 0.35 0.3
V 0.0444(7) 0.0444(8) 0.0435(6) 0.28 0.33
AV 0.0466(7) 0.0466(8) 0.0479(28) 0.3 0.18
ps 0.0679(13) 0.0679(14) 0.0682(18) 0.35 0.3
v 0.0894(22) 0.0894(24) 0.0862(34) 0.28 0.33
av 0.0845(16) 0.0845(18) 0.0848(38) 0.3 0.18

TABLE XXXVII: Numerical results for the mesons matrix elements in ensemble M3. G stands for Gaussian fit, C stands for
Cauchy function fit, C indicates the mesonic channel considered, cM,0 is the result of the correlator fitting analysis, σG is the
energy smearing radius used for the Gaussian fits, σC for the Cauchy fit.

C a2cM,0-G a2cM,0-C a2cM,0(corr.) σG/mC σC/mC

PS 0.0256(4) 0.0256(4) 0.0256(5) 0.3 0.27
V 0.0443(7) 0.0443(8) 0.0417(21) 0.28 0.25
AV 0.0466(7) 0.0466(8) 0.0469(16) 0.28 0.32
ps 0.0695(13) 0.0695(14) 0.0697(20) 0.3 0.27
v 0.0887(22) 0.0886(24) 0.0900(33) 0.28 0.25
av 0.0827(16) 0.0827(17) 0.0830(46) 0.28 0.32

TABLE XXXVIII: Numerical results for the mesons matrix elements in ensemble M4. G stands for Gaussian fit, C stands for
Cauchy function fit, C indicates the mesonic channel considered, cM,0 is the result of the correlator fitting analysis, σG is the
energy smearing radius used for the Gaussian fits, σC for the Cauchy fit.

C a2cM,0-G a2cM,0-C a2cM,0(corr.) σG/mC σC/mC

PS 0.0310(5) 0.0310(5) 0.0309(7) 0.3 0.3
V 0.0529(9) 0.0529(10) 0.0477(16) 0.3 0.27
AV 0.0553(8) 0.0553(9) 0.0561(12) 0.25 0.25
ps 0.0770(15) 0.0770(16) 0.0770(22) 0.3 0.3
v 0.1003(24) 0.1003(27) 0.1019(36) 0.3 0.27
av 0.0906(17) 0.0906(19) 0.0908(26) 0.25 0.25

TABLE XXXIX: Numerical results for the mesons matrix elements in ensemble M5. G stands for Gaussian fit, C stands for
Cauchy function fit, C indicates the mesonic channel considered, cM,0 is the result of the correlator fitting analysis, σG is the
energy smearing radius used for the Gaussian fits, σC for the Cauchy fit.

C a2cM,0-G a2cM,0-C a2cM,0(corr.) σG/mC σC/mC

PS 0.0185(3) 0.0185(3) 0.0190(4) 0.25 0.25
V 0.0325(5) 0.0325(6) 0.0301(8) 0.3 0.3
AV 0.0498(7) 0.0498(8) 0.0506(11) 0.25 0.2
ps 0.0625(12) 0.0625(13) 0.0628(18) 0.25 0.25
v 0.0814(20) 0.0814(22) 0.0825(20) 0.3 0.3
av 0.0778(15) 0.0778(16) 0.0784(36) 0.25 0.2
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TABLE XL: Numerical results for the chimera baryons overlap factors in ensemble M1. G stands for Gaussian fit, C stands
for Cauchy function fit, C indicates the mesonic channel considered, KB,0 is the result of the correlator fitting analysis, σG is
the energy smearing radius used for the Gaussian fits, σC for the Cauchy fit.

C a3KB,0-G a3KB,0-C a3KB,0(corr.) σG/mC σC/mC

Λ+
CB 0.000813(11) 0.000812(12) 0.000813(11) 0.32 0.32

Σ+
CB 0.003523(15) 0.003527(17) 0.003527(14) 0.3 0.3

Σ∗+
CB 0.004054(18) 0.004062(19) 0.004058(18) 0.2 0.2

Λ−
CB 0.000533(8) 0.000533(8) 0.000534(10) 0.22 0.22

Σ−
CB 0.001984(9) 0.001984(9) 0.001986(23) 0.18 0.18

Σ∗−
CB 0.002264(10) 0.002267(10) 0.002265(16) 0.2 0.2

TABLE XLI: Numerical results for the chimera baryons overlap factors in ensemble M2. G stands for Gaussian fit, C stands
for Cauchy function fit, C indicates the mesonic channel considered, KB,0 is the result of the correlator fitting analysis, σG is
the energy smearing radius used for the Gaussian fits, σC for the Cauchy fit.

C a3KB,0-G a3KB,0-C a3KB,0(corr.) σG/mC σC/mC

Λ+
CB 0.000711(10) 0.000711(11) 0.000709(20) 0.3 0.3

Σ+
CB 0.003476(15) 0.003473(16) 0.003476(12) 0.23 0.23

Σ∗+
CB 0.003994(17) 0.003990(19) 0.003994(17) 0.2 0.2

Λ−
CB 0.000540(8) 0.000540(8) 0.000540(14) 0.33 0.33

Σ−
CB 0.001968(9) 0.001968(9) 0.001971(33) 0.18 0.18

Σ∗−
CB 0.002192(9) 0.002192(10) 0.002193(25) 0.2 0.2

TABLE XLII: Numerical results for the chimera baryons overlap factors in ensemble M3. G stands for Gaussian fit, C stands
for Cauchy function fit, C indicates the mesonic channel considered, KB,0 is the result of the correlator fitting analysis, σG is
the energy smearing radius used for the Gaussian fits, σC for the Cauchy fit.

C a3KB,0-G a3KB,0-C a3KB,0(corr.) σG/mC σC/mC

Λ+
CB 0.000748(10) 0.000748(11) 0.000749(13) 0.27 0.27

Σ+
CB 0.003362(15) 0.003359(16) 0.003362(12) 0.28 0.28

Σ∗+
CB 0.004012(17) 0.004012(19) 0.004017(13) 0.18 0.18

Λ−
CB 0.000550(8) 0.000550(9) 0.000550(9) 0.25 0.25

Σ−
CB 0.001989(9) 0.001986(9) 0.001989(15) 0.32 0.32

Σ∗−
CB 0.002158(9) 0.002158(10) 0.002159(25) 0.24 0.24

TABLE XLIII: Numerical results for the chimera baryons overlap factors in ensemble M4. G stands for Gaussian fit, C stands
for Cauchy function fit, C indicates the mesonic channel considered, KB,0 is the result of the correlator fitting analysis, σG is
the energy smearing radius used for the Gaussian fits, σC for the Cauchy fit.

C a3KB,0-G a3KB,0-C a3KB,0(corr.) σG/mC σC/mC

Λ+
CB 0.001022(15) 0.001022(16) 0.001022(8) 0.3 0.3

Σ+
CB 0.004365(19) 0.004362(20) 0.004362(12) 0.25 0.25

Σ∗+
CB 0.004993(21) 0.004993(23) 0.004999(19) 0.25 0.25

Λ−
CB 0.000522(8) 0.000522(8) 0.000522(22) 0.27 0.27

Σ−
CB 0.001833(8) 0.001833(9) 0.001835(34) 0.25 0.25

Σ∗−
CB 0.002281(10) 0.002280(11) 0.002281(32) 0.3 0.3

TABLE XLIV: Numerical results for the chimera baryons overlap factors in ensemble M5. G stands for Gaussian fit, C stands
for Cauchy function fit, C indicates the mesonic channel considered, KB,0 is the result of the correlator fitting analysis, σG is
the energy smearing radius used for the Gaussian fits, σC for the Cauchy fit.

C a3KB,0-G a3KB,0-C a3KB,0(corr.) σG/mC σC/mC

Λ+
CB 0.000503(7) 0.000503(8) 0.000503(11) 0.25 0.25

Σ+
CB 0.002312(10) 0.002312(11) 0.002312(13) 0.3 0.3

Σ∗+
CB 0.002498(11) 0.002498(12) 0.002498(18) 0.2 0.2

Λ−
CB 0.000392(6) 0.000392(6) 0.000392(16) 0.3 0.3

Σ−
CB 0.001525(7) 0.001525(7) 0.001525(22) 0.2 0.2

Σ∗−
CB 0.001551(7) 0.001553(7) 0.001553(31) 0.25 0.25
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TABLE XLV: Numerical results for decay constants obtained by using stochastic wall sources (denoted by the label “loc”)
from ensembles M1-M5 and pseudoscalar/vector meson channels, for both types of fermions, and comparison with the results
obtained by using different Wuppertal smearing levels (labeled by “smear”).

Ensemble af loc
PS afsmear

PS af loc
ps afsmear

ps af loc
V afsmear

V af loc
v afsmear

v

M1 0.0500(2) 0.0503(3) 0.0832(2) 0.0813(7) 0.0770(3) 0.0771(3) 0.1028(4) 0.1015(8)
M2 0.0494(3) 0.0487(3) 0.0822(3) 0.0805(8) 0.0729(4) 0.0729(4) 0.099(1) 0.0984(6)
M3 0.0497(2) 0.0499(4) 0.0828(2) 0.0820(9) 0.0717(4) 0.073(2) 0.1002(8) 0.0988(6)
M4 0.0540(2) 0.0538(2) 0.0868(2) 0.0872(2) 0.0745(5) 0.076(1) 0.1068(5) 0.107(1)
M5 0.0445(5) 0.0437(4) 0.0787(9) 0.0770(6) 0.0639(8) 0.0634(4) 0.0952(4) 0.0942(7)
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FIG. 9: Comparison between matrix elements found through simultaneous fits of smeared-smeared and smeared-unsmeared
correlation functions against the adoption of stochastic wall sources, for all available ensembles, M1-M5, and for both type of
fermions. We restrict our attention to the pseudoscalar and vector channel, for which we obtained the most precise measure-
ments.

Appendix D: Matrix elements obtained from ultralocal operators using stochastic wall sources

For the analysis summarized in Sect. VB, we extracted the matrix elements of interest from correlation functions
involving ultralocal operators and Wuppertal-smeared operators—see Eq. (29)—following the process discussed in
Appendix A. In this appendix we compare these results to a determination of the hadron-vacuum matrix elements
(i.e. the decay constants) based on operators that have not been smeared, but rather built by inverting the Dirac
operator with the use of stochastic wall sources with Z2 ⊗ Z2 noise [191], and without APE smearing.

To measure the pseudoscalar decay constants, we perform a simultaneous fit to the pseudoscalar correlation
function, CPS(t) = ⟨OPS(t) ŌPS(0)⟩, and the correlation function between pseudoscalar and axial-vector operator,

restricted to the µ = 0 component, CAV,PS(t) = ⟨Oµ=0
AV (t) ŌPS(0)⟩, that, at large Euclidean times, takes the form

CAV,PS(t) →
fPS⟨0|OPS|PS⟩∗√

2

(
e−mPSt + e−mPS(T−t)

)
. (D1)

The decay constant, fPS, is then extracted from this behavior, combined with the matrix element of the pseudoscalar
correlation function, CPS(t), and its mass. We proceed in the same manner for (f)-type as well as (as)-type fermions.

The fitting results for the Z2 ⊗ Z2 stochastic wall case for ensembles M1-M5 are renormalized according to
Eq. (30), and then reported in Tab. XLV. A comparison with simultaneous fits of smeared-smeared and smeared-
unsmeared two-point correlation functions is shown in Fig. 9. From this study, it appears that the two methods
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present compatible results, with no particular gain with either choice.
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