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Progress on the spectroscopy of Sp(4) gauge theory with matter in multiple representations ~ Ho Hsiao

1. Introduction

Interestin Sp(2N) gauge theories, particularly in relation to composite Higgs models (CHMs)—
see, for instance, the review in Ref. [1]—has motivated the development of the research programme
of Theoretical Explorations on the Lattice with Orthogonal and Symplectic groups (TELOS) [2—
15]—see also Refs. [16—19] for related works in the context of dark-matter physics. To facilitate
the construction of CHMs with top partial compositeness [20], it is essential to introduce fermions
(hyperquarks) transforming in multiple representations. Since CHMs involve strongly coupled
dynamics that necessitate non-perturbative treatment, lattice calculations naturally serve as a key
tool for their investigation. The existing literature on lattice gauge theories containing fermionic
matter in multiple representations remains relatively sparse. As a result, physicists have initiated
efforts in this area and are conducting extensive explorations; see, e.g., Refs. [21-31] for SU(4),
and Refs. [32, 33] for SU(2) gauge theories.

In this contribution, we discuss the Sp(4) gauge theory coupled to Ny = 2 Dirac fermions in the
fundamental, (f), and N,s = 3 Dirac fermions in the two-index antisymmetric, (as), representations
of the gauge group. This theory serves as the ultraviolet completion of one particular realisation [34]
of a composite Higgs model (CHM) that provides a natural framework for accommodating a light
Higgs boson [35-37]—see also Refs. [1, 38—41]. The global symmetry breaking pattern in the
fundamental-hyperquark sector of this theory is SU(4)/Sp(4), leading to the emergence of five
PNGBs. Four of these PNGBs can be interpreted as the Standard Model (SM) Higgs doublet,
leaving only one additional Goldstone mode. The reality of the (as) representation results in the
global symmetry-breaking pattern SU(6)/SO(6). The SU(3) subgroup within the unbroken SO (6)
can be gauged and interpreted as the QCD colour group [34, 38]. This theory includes two families
of mesons, each consisting of a pair of valence hyperquarks and anti-hyperquarks, both in either
the (f) or (as) sector of the theory. We refer to these as fundamental and antisymmetric mesons,
respectively. In addition, the theory admits exotic fermionic bound states, known as chimera
baryons, composed of two (f) and one (as) hyperquarks, combined to form a hypercolour-singlet
of the Sp(4) gauge group. The existence of these objects enables the implementation of partial
compositeness for the top quark [20], wherein chimera baryons, engineered to share the same
quantum numbers as the top quark, can generate the mass of the latter through mixing. In the
following, we review earlier work on the spectrum [2—4, 7, 12, 15] and present preliminary new
results on work currently in progress, which will form the foundation for our future publications.

2. Lattice field theory, observables, preliminary tests.

In order to study the strongly-coupled Sp(4) gauge theories, we employ lattice field theory
and discretise the four-dimensional Euclidean space-time. Gauge field dynamics are described by
the standard Wilson plaquette action, and the hyperquarks are represented by Wilson fermions in
the Hybrid Monte Carlo (HMC) [42] and Rational HMC (RHMC) [43] simulations. We adopt the
gradient flow method [44—46] as a scale-setting procedure, expressing all masses in terms of the
gradient flow scale, wq [47], using the notation i1 = wom. Our lattice simulations and measurements
are conducted by using two software packages, HiRep [48] and GRID [49], with the add-ons for the
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Table 1: Ensembles used in the fully dynamical calculations. The inverse coupling is denoted by 5, and the

as
0°

the temporal and spatial directions are given by N, and N, respectively. The number of thermalisation steps
excluded from the analysis is denoted as Ninerm, While ngy indicates the number of trajectories discarded
between retained configurations. The number of configurations used in the analysis is N¢one. The average
plaquette value of each ensemble is denoted by (P), and wq/a represents the Wilson flow scale.

Label B amgs amg N; | Ny | Ntherm Nskip Neont (P) wo/a
M1 6.5 | -1.01 | -0.71 | 48 | 20 | 3006 14 479 0.585172(16) | 2.5200(50)
M2 6.5 | -1.01 | -0.71 | 64 | 20 1000 28 698 0.585172(12) | 2.5300(40)
M3 6.5 | -1.01 | -0.71 | 96 | 20 4000 26 436 0.585156(13) | 2.5170(40)
M4 | 65| -1.01 | -0.70 | 64 | 20 | 1000 20 709 0.584228(12) | 2.3557(31)

M5 | 65| -1.01 | -0.72 | 64 | 32 | 3020 20 295 | 0.5860810(93) | 2.6927(31)

bare masses of the two fermion species by am(f) and am?’, where a is the lattice spacing. The number of sites in

Sp(2N) gauge group [2, 11]. Table 1 summarises the main properties of the ensembles generated
for the fully dynamical calculations, with results measured on these ensembles to be discussed later.

The mass spectra are extracted from measurements of two-point correlation functions involving
the relevant meson and chimera baryon operators. All meson interpolating operators, including
pseudoscalar, vector, tensor, axial-vector, axial-tensor, and scalar mesons composed of either fun-
damental or antisymmetric hyperquarks, are listed in an earlier publication [2]. These mesons
are denoted as PS (ps), V (v), T (1), AV (av), AT (at), and S (s), respectively, with fundamental
and antisymmetric mesons distinguished by uppercase and lowercase subscripts, respectively. The
chimera-baryon correlators use operators of the following form:

07" = 0L(CY)ap0y QUQ WS, (M
O = QIA(Cy")apQly QUIQP W @

where Q and ¥ are (f) and (as) hyperquarks, respectively; a, b, ¢, d are hypercolour indices;
@, B, p are spinor indices; i, j are (f)-type flavor indices, k is an (as)-type flavor index; y> and y*
are 4 X 4 Dirac matrices; C is the charge conjugation matrix; and Q is the symplectic 4 X 4 matrix.
Since both operators in Eqgs. (1) and (2) overlap with parity-even and parity-odd states, and the
operator O couples to both spin-1/2 and spin-3/2 states, we apply parity and spin projections to
isolate the states with the desired quantum numbers—see details in Section III.A of Ref. [12]. The
lightest state sourced by the operator O, labeled as Acg, is a spin-1/2 state. For O¥, the lightest

*

state with spin-1/2 and spin-3/2 are denoted as Xcp and 2.5,

top-partner candidates [50, 51].

respectively. Both Acg and 2cp are

In addition to using stochastic wall sources [52] for two-point function measurements, our
analysis incorporates results obtained through the implementation of Wuppertal [53] and APE
smearings [54] as signal optimisation techniques. Figure 1 compares the fundamental pseudoscalar
and vector meson masses calculated using wall sources and smearing techniques on the ensembles
generated for the study in Ref. [3]. We confirm that the application of smearing techniques not only
reduces uncertainty but also produces measurements compatible with those obtained using wall
sources within the 20 interval. To further enhance the effectiveness of our measurement strategy,
we reformulate it as a generalised eigenvalue problem (GEVP) and incorporate a basis of operators
constructed with varying levels of smearing. Figure 2 illustrates, in lattice units, the results obtained
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Figure 1: Comparison of pseudoscalar (upper panel) and vector (lower panel) meson masses composed
of (f) hyperquarks, extracted from correlation functions using wall sources and smearing techniques. The
measurements are performed on ensembles with (f)-type dynamical fermions taken from Ref. [3], from which
we borrow the conventional naming of the individual ensembles (the horizontal axis). Data points from the
same ensemble are slightly shifted horizontally to distinguish between two types of techniques. The lattice
couplings used are 5 = 6.9 (blue), 7.05 (green), 7.2 (red), 7.4 (cyan), and 7.5 (magenta).
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Figure 2: Effective mass plot of chimera baryon masses, measured in the ensemble M5 listed in Table 1.
Left panel: energy states of the parity-even Acg, obtained by solving GEVP with three different levels of
smearing at the source and sink. Right panel: ground-state effective mass for all available chimera baryons.

through this analysis procedure for computing the mass of the chimera baryons. The left panel shows
the energy states of the parity-even Acp, denoted as aE,/L\ ¢8-* " Similarly, the energy states of the
Xcp and E (., for both parities are determined using the same methodology. In the right panel, the
effective masses of each chimera baryon ground state are displayed, demonstrating that parity-even
states are lighter than their parity-odd counterparts.

3. Mass spectra

The TELOS collaboration is the first to conduct systematic, dedicated lattice studies on the
spectroscopy of Sp(4) gauge theories. This summary begins with the case where only the gauge
dynamics are captured in the Monte Carlo simulations, while fermions are treated in the quenched
approximation. On the one hand, this initial series of measurements enables us to test the necessary
measurement techniques in a resource-efficient way and establish benchmarks for future calculations
with dynamical fermions. On the other hand, these results provide a reasonable approximation of
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Figure 3: The mass spectrum in the massless and continuum limits of the Sp(4) gauge theory computed
in the quenched approximation. Pseudoscalar, vector, tensor, axial-vector, axial-tensor and scalar mesons
composed of fundamental (antisymmetric) hyperquarks are denoted as PS (ps), V (v), T(t), AV (av), AT (at)
and S (s), respectively. We denote as Acg, ZcB, and X7, the lightest, parity-even chimera baryons. Glueball
states are labelled by their spin and parity quantum numbers, J¥. This figure is taken from Ref. [12].
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Figure 4: Mass dependence of the chimera baryons, in the continuum limit, as a function of the mass squared
of the pseudoscalars, ;¢ (left) and n%gs (right). This figure is taken from Ref. [12].

the spectra in the physical regime where fermions are not particularly light, which is of phenomeno-
logical interest in the contexts of CHMs and dark matter. The mass of the two families of flavored
mesons, composed of (f) and (as) hyperquarks [4], along with those of glueballs [5, 6], and our
first spectrum measurement of chimera baryons [12], are summarised in Figure 3. We report only
parity-even chimera baryons, which are lighter than their parity partners. The results are presented
in units of both the gradient flow scale, wg, and the decay constant of the pseudoscalars made of
(f) hyperquarks, fps, extracted from the measurement of the relevant correlation functions [4] and
renormalised at the one-loop level with tadpole improvement [55, 56]. The masses displayed are
obtained by extrapolating the measurements toward continuum and massless limits, using a sim-
plified approach inspired by Wilson [57, 58] and heavy-baryon [59-61] chiral perturbation theory.
The Akaike Information Criterion (AIC) [62, 63] is used to evaluate the fit quality and identify
the optimal fitting procedure for each chimera baryon in such extrapolations. Figure 4 presents the
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Figure 5: Comparisoﬁ of quenched (blue) and dynamiéal (red) calculations for the extrépolations of the
squared masses of flavored vector (V), axial-vector (AV), and scalar (S) mesons composed of (f)-type
hyperquarks, plotted as a function of the (f) pseudoscalar (PS) meson mass squared. These plots are taken

from Ref. [3].
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Figure 6: The mass spectrum of all accessible flavored and flavor-singlet mesons, and of chimera baryons of
both parities, including, where possible, also excited states, measured in ensemble M2 in Table 1, obtained
by applying the GEVP method with smeared correlation functions.

dependence of chimera baryon masses on pseudoscalar masses in the continuum limit. We observe
a consistent mass hierarchy, except in the heavy (as) pseudoscalar meson mass region, where Acg
and Xcp become degenerate.

The natural next step is to introduce dynamical hyperquarks of one species, transforming either
in the fundamental representation [3] or antisymmetric representation [64]—while quenching the
other species of hyperquarks. In Figure 5, we compare the masses of mesons composed of
(f) hyperquarks computed in the quenched approximation with those in the dynamical case to
quantify the size of quenching effects. In the region of parameter space where the measurements
are performed, the discrepancies are modest. Even in the extrapolations toward the combined
continuum and massless limits, they remain approximately ~10% for the vector mesons and ~25%
for the scalar mesons. The axial-vector mesons exhibit smaller discrepancies, though they are
accompanied by larger uncertainties. Additionally, the first measurement of flavor-singlet mesons
in the theory with dynamical (f) hyperquarks is reported in Ref. [17].

The study of the dynamical theory with hyperquarks in multiple representations begins with an
exploration of the lattice parameter space [7]. For spectroscopy studies, we generate five ensembles,
as detailed in Table 1. These ensembles serve as a testing ground for the spectral density method
discussed in Ref. [14], applied to the mesonic two-point functions. We also conduct the first study
of the mixing effects between flavor-singlet mesons involving hyperquarks in both representations
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Figure 7: The mass spectrum of all accessible flavored and flavor-singlet mesons, and of chimera baryons of
both parities, including, where possible, also excited states, measured in ensemble M4 in Table 1, obtained
by applying the GEVP method with smeared correlation functions.

Al 5 P96 [ERE

aE,

1.01 2o = g5 B —
(e [msa)
— == mm /
0.84 o) —

=
= [ =
0.6 _

0.44

PS V. T S AV AT o ps vt s av at Aby Do T4 Ao Zos Son
Figure 8: The mass spectrum of all accessible flavored and flavor-singlet mesons, and of chimera baryons of
both parities, including, where possible, also excited states, measured in ensemble M5 in Table 1, obtained

by applying the GEVP method with smeared correlation functions.

in Ref. [15]. Furthermore, we present preliminary results for chimera baryon masses, covering both
parity channels and excited states in Figs. 6, 7, and 8, measured on ensembles M2, M4, and M5 listed
in Table 1, respectively. These three figures display a combination of spectra of accessible states,
including the pseudoscalar, vector, tensor, axial-vector, axial-tensor and scalar flavored mesons
composed of fundamental (antisymmetric) hyperquarks—denoted as PS (ps), V (v), T(t), AV (av),
AT (at) and S (s), respectively—the pseudoscalar flavor-singlet meson, labelled as n” obtained from
the mixing of the two meson sectors, and chimera baryons, Acp, Zcg, and ZéB, with both even
(+) and odd (-) parities. Where possible, we also show excited states. A complete analysis of the

spectroscopy will be prepared for publication in the near future.

4. Summary and Outlook

We have reviewed results on the spectrum of bound states in the Sp(4) gauge theory coupled
to Nr = 2 Dirac fermions transforming in the fundamental and N,; = 3 Dirac fermions transforming
in the two-index antisymmetric representations, simulated in both the quenched approximation
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and partially dynamical lattice setups. Building on the experience gained from these studies, we
presented preliminary results obtained with the fully dynamical theory. The mass spectra shown
here demonstrate that, in the available region of parameter space, the combination of Wuppertal
smearing, APE smearing, and an optimised GEVP analysis allows access to a wide variety of bound
states. These include mesons with different quantum numbers, chimera baryons of both parities,
and their excited states.

The next steps of this ambitious programme will involve combining these measurements with
off-shell observables extracted using the spectral density methodology applied to meson and chimera
baryon correlation functions. We also envision the possibility of reanalysing the whole spectrum
of flavor-singlet states, incorporating not only meson but also glueball observables into the GEVP
framework. In the long run, we aim to compute other non-trivial off-shell observables, particularly
matrix elements that are relevant in the contexts of CHM and partial compositeness. Achieving
these advanced objectives will require a significant upgrade to the technology used for ensemble
generation, by implementing improvements and potentially adopting a different type of fermion in
simulations to more effectively approach the continuum and massless limits.
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