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Investigation of composite Higgs models (CHMs) is of importance in contemporary particle
physics. In this article, we present lattice computations of the chimera baryon masses in Sp(4)
gauge theory with two and three Dirac flavours of hyperquarks (beyond the Standard Model
fermions coupled to the Sp(4) gauge fields) in the fundamental and antisymmetric representations,
respectively. The chimera baryons are crucial for generating the Standard Model fermion masses
through the partial compositeness mechanism in this gauge theory that can serve as the ultraviolet
completion of the CHM with pseudo-Nambu-Goldstone bosons in the coset SU(4)/Sp(4). Results

shown here are primarily from a completed quenched computation, while those from our ongoing
work with dynamical simulations are also discussed.
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1. Introduction

The Standard Model (SM) of particle physics has been a success in explaining all the relevant
experimental results hitherto. There are, nevertheless, motivations to search for physics beyond
it. For instance, there is evidence that the Higgs-Yukawa sector of the SM suffers from the
triviality problem that renders the cut-off scale indispensable (see, e.g., Refs. [1-7]), resulting in the
unavoidable conclusion that the SM is an effective theory, and its ultraviolet (UV) completion has to
be understood. It is also phenomenologically incomplete, as it cannot explain the observed baryon
asymmetry of the universe [8, 9], nor the origin of its dark matter and dark energy components.

Despite the above compelling reasons to regard the SM as incomplete, neither direct nor
indirect searches at the energy and precision frontiers have found any unambiguous evidence for
physics beyond it. This means that the scale for new physics to emerge can be well above a few
TeV. Therefore, any viable model that serves as a replacement of the SM Higgs-Yukawa sector must
contain a scalar state (the Higgs boson) that is much lighter than new particles arising beyond the
SM (BSM). This requirement makes it popular to design BSM models by resorting to quantum field
theories containing pseudo-Nambu-Goldstone bosons (PNGBs). In this context, composite Higgs
models (CHMs) have been attracting attention in the high energy physics community [10, 11]. These
CHMs can be constructed with strongly interacting gauge theories that involve confinement and
spontaneous breaking of approximate, global symmetry, which leads to the existence of naturally
light bound-state Goldstone bosons. Amongst these confining theories [12], the Sp(4) gauge theory
with two Dirac flavours of hyperquarks (BSM fermions coupled to the Sp(4) gauge fields) in the
fundamental representation is particularly interesting [13, 14]. Due to the pseudo-reality of this
gauge-group representation, in this model the global symmetry is SU(4), spontaneously broken to
Sp(4) in the limit where hyperquarks are massless [15]. The coset, SU(4)/Sp(4), then gives five
PNGBs, with four of them interpreted as the degrees of freedom in the SM Higgs doublet. This is
the minimal model that allows for the extension to address the issue of SM fermion masses, which
we describe in the next paragraph.

In CHMs, the hierarchy between SM fermion masses can be explained through the mechanism
of partial compositeness [16]. In this article, we use the top-quark mass for illustration. The
implementation of the top partial compositeness is achieved in a CHM by first identifying in the
spectrum of the new, strongly coupled theory a spin-1/2 bound state that carries the same quantum
numbers as the top quark. This bound state, one of the chimera baryons described in this document,
can then mix with the top quark and generate the mass of the latter. To realise this mechanism
in the Sp(4) gauge theory, it is convenient to introduce three Dirac flavours of hyperquarks in the
two-index antisymmetric representation [13]. Since this representation is real, the global symmetry
breaking pattern in this sector is SU(6) /SO (6) [15]. The QCD SU(3) gauge group is then embedded
in the unbroken SO(6), resulting in the fact that the antisymmetric hyperquarks are QCD-colour
charged. Bound states composed of one antisymmetric and two fundamental valence hyperquarks,
the chimera baryons, have the right quantum numbers to be identified as top partners.

Our collaboration started the research programme of Theoretical Explorations on the Lattice
with Orthogonal and Symplectic groups (TELOS), in which we employ the tool of lattice field
theory to examine various gauge theories that are interesting to the high-energy physics community.
Investigation of the aforementioned Sp(4) gauge theory with hyperquarks in two different represen-
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Table 1: Lattice parameters and characterisation of quenched ensembles in this work, with 5 being the
bare inverse lattice coupling constant, N; and Ny being the number of temporal and spatial lattice sites,
respectively. Here we also give the plaquette value, (P), and the gradient-flow scale wg/a [49] (determined
in our previous work in Ref. [30]), for all the ensembles.

Ensemble name | B | N; X N3 (P) wo/a
QBI1 7.62 | 48 x 243 | 0.6018898(94) | 1.448(3)
QB2 7.7 | 60 x 48 | 0.6088000(35) | 1.6070(19)
QB3 7.85 | 60 x 48% | 0.6203809(28) | 1.944(3)
QB4 8.0 | 60x48% | 0.6307425(27) | 2.3149(12)
QB5 8.2 | 60x48% | 0.6432302(25) | 2.8812(21)

tations has been the focus of our work!. In the past few years, we have published several papers in
this research direction [28-42], exploring measurable quantities such as the mass spectrum, decay
constants, topology, and spectral densities?. This article summarises the progress of our work on
the spectrum of the chimera baryons. Most of the results presented here are obtained in calcula-
tions performed in the quenched approximation, as published in Ref. [38] with the data release in
Ref. [47], while some exploratory results from our dynamical computations [48] are also reported.

2. Lattice implementation and ensemble parameters

In this work, lattice computations for Sp(4) gauge theory are carried out using the Wilson
plaquette action for the pure gauge sector. Hyperquarks are described by Wilson fermions. Details
of the notation can be found in Sect. II.LA of Ref. [38]. As mentioned in the previous section,
we report mainly results from quenched calculations, where the fermion determinant is set to be
a constant. Lattice parameters for the quenched ensembles used in this work are summarised in
Tab. 1. We also report exploratory results from our fully dynamical simulations, obtained using the
ensemble M2 with details given in Tab. 1 of Ref. [41].

We investigate the chimera baryon states sourced by the following operators (where Q and ¥
are the fundamental and antisymmetric hyperquark fields, respectively)

05" = QU(CY)apQ) QUIQP WS, )
O = 0lA(Cy")apQly QUG WE, @

with @, 8, p being spinor indices, i, j, k indicating the flavour quantum number, and a, b, c, d being
hypercolour indices. In the above expressions, ¥ and y* are Dirac matrices, with C being the

1Lattice studies for CHMs have also been performed by other collaborations for the gauge groups of SU(2) [17-19]
and SU(4) [20-27].
2The Sp(4) gauge theory has also been studied in the context of research in dark matter [43—46].
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Table 2: Properties of the three lowest-lying flavoured chimera baryon states sourced by the interpolating
operators in Eqgs. (1) and (2) with flavour indices omitted. In addition to the spin quantum number, here we
also list the representations of the unbroken global symmetry groups, Sp(4) and SO(6).

Chimera baryon | Interpolator | J | Sp(4) repn | SO(6) repn | QCD analogy
AcB 02 172 5 6 A (1116)
2cB o5 172 10 6 > (1193)
P o5 32 10 6 > (1379)

matrix for the operation of charge conjugation. Furthermore, € is the symplectic matrix,

0 0 1 0
1
Q= 0 0 O ’ 3)
-1 0 00
0 -1 00

in the hypercolour space. The operator in Eq. (1) sources spin-1/2 states. On the other hand,
o, %M in Eq. (2) overlaps with both spin-1/2 and 3/2 states, which can be distinguished using the
projectors,

1 1
Pl = 377" Pyp =0 = 3yHy”. )

Drawing analogy with QCD baryonic states, the three lowest-lying states sourced by the interpolators
in Egs. (1) and (2) are called Acg, Xcp and X’;. Their properties are summarised in Tab. 2.
Amongst these three chimera baryons, Acg and Zcp are candidates of the top partner [50]. Note
that in this article we discuss only flavour off-diagonal chimera baryon states, and will not write
the flavour indices explicitly below. We then compute the correlators for extracting masses of the
above-mentioned chimera baryons. For Acg, it is

Cace (1) = D (O3 (x)03(0)) 5)
As for Zcp and X7, we have
Csey (1) = PYYCI (1), Cxy, (1) = PALC (1), (©6)
with L
CH (1) = ) (04 (x)0%(0)) . )

Note that we do not write explicitly the dependence on the spinor indices, p and o, in Ca,(?),
Csep (1), Cs, (1), and C#” (). In the following, we will use the symbol, Ccg(1), to denote a generic
chimera-baryon correlator in Egs. (5) and (6).

It should be noted that the interpolating operators in Egs. (1) and (2) source both even and odd
parity states. In fact, without an actual lattice numerical calculation, it is not easy to confirm the
parity of the lowest-lying states appearing in the correlators in Eqgs. (5) and (6). In other words, it
requires a lattice calculation to determine the parity of Acp, Xcp and ZéB. This will be discussed
in the next section.
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3. Analysis and numerical results
Since the interpolators in Eqs. (1) and (2) source both parity-even and -odd states, at large
Euclidean time, a chimera-baryon correlator is expected to exhibit the behaviour,

0 + - - +
Ccg(1) Rhihal Pylcie™™ ! —c_e™™ (T_’)] +P_ [c_e_m t e T (8)

with T being the temporal lattice extent, and P.. being the parity projectors,

1;'-)/()

Piz 2

©)

The quantities m* and c. are masses and the baryon-to-vacuum transition amplitudes of the
corresponding parity states. To proceed, we compute the “parity-projected” correlator,

P.Ccg(t) — PxCcp(T - 1)

Cep() = > (10)
It can be easily shown that the large-Euclidean-time behaviour of féB (1) is
fi -m*t -m¥(T-t)
cg(t) — cie —cze . (11)

Working in the regime 0 < ¢t < T/2, one can define the effective masses (in lattice units) for
the parity-even and -odd states,
—+
Cep(1)

—t

Ccp(t+1)

amZ cg(t) = In . (12)

Similarly, one can also calculate the effective mass using the unprojected correlator in Eq. (8),

Cca(1)

Cenlr+1) o

ameg c(t) = In [

Upon examination of the effective masses in Eq. (12), one can determine the parity of the ground-
state chimera baryons. Furthermore, the asymptotic behaviour of the effective mass computed
through the unprojected correlator can serve as a crosscheck. One example is illustrated in Fig. 1,
where we display these effective masses for states sourced by 0/5). It is clear that the lightest chimera
baryon in this channel (Acp) is of even parity. We find the same conclusion for £cp and ZEB.

In this work, we extract the chimera baryon masses, mcg, from correlators at various funda-
mental and antisymmetric bare hyperquark masses, mf) and m (@), on the ensembles listed in
Tab 1. Using formulae inspired by heavy baryon chiral perturbation theory (HBChPT) [51, 52],
with the inclusion of symmetry-breaking effects from lattice artefacts to O(a) [53], this enables us
to investigate the hyperquark-mass dependence of mcg. It also allows for the extrapolation to the
continuum limit. We work at the order of the square of the hyperquark masses, i.e., the fourth power
of the fundamental and antisymmetric pseudoscalar-meson masses, mps and mps. As explained in
detail in Ref. [38], it is challenging to fit our data to the expansion at this order, and we explore a
strategy to systematically exclude data points and terms in the fit formulae. This strategy results in
1315 different analysis procedures. An Akaike information criterion (AIC) [54] is then employed
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Figure 1: The Acp baryon effective masses computed from parity-projected and unprojected correlators, on
ensemble QB1 in Tab. 1 with the bare fundamental and antisymmetric valence hyperquark masses (in units
of the lattice spacing, @) am!/) = —0.77 and am(**) = ~1.1. Original plot is in Fig. 1(b) of Ref. [35].

to select the optimal procedure. Using this method, we find that for ma, and ms;, the best fit
function is

S, ~2 ~2 ~
mcp = mCB+F2mPS+A2mpS+L1a

A3 ~3 A2 A N
+F3impg + A3mps + Lopiipgd + LzAmpSa

+Cytfipgi? (14)

where the hatted symbols denote dimensionful quantities expressed in units of the gradient-flow

X
CB’

be determined by the fit. Regarding the mass of X

scale wg. In the above equation, #1.,, F;, A;, L; and C4 are the "low-energy constants" (LECs), to

the same fit function without the C4rh%,sn%gs

*

CB’
term is optimal.

Figure 2 illustrates the results of the above HBChPT-inspired analysis strategy. Plots in this
figure are prepared with Ly = Log = Ly4 = 0. That is, they show the results in the continuum
limit. The plot on the left-hand side exhibits results with 7,, = 0, while that on the right-hand
side is for mps = 0. From these plots, it is clear that Mye > My 2 Mycy in the range of the
hyperquark masses that we explore. Note that this hierarchy is different from that of the analogous
QCD baryons in Tab. 2. In this work, we also extrapolate the chimera baryon masses to the limit
where mps and m are both vanishing. In Fig. 3 we demonstrate these results together with the
quenched meson and glueball spectra published in Refs. [30, 32].

In addition to the quenched spectrum, here we also present preliminary results of chimera
baryon masses in our dynamical simulations with 2 fundamental and 3 antisymmetric Dirac flavours
of hyperquarks. An effective mass plot using data from our ensemble M2 (details given in Tab. 1
of Ref. [41]) is shown in Fig. 4, where we also display results for parity-odd states. These chimera
baryon masses are then exhibited together with meson masses obtained on the same ensemble in
Fig. 5. Results for the excited-state mesons in this figure are extracted from an analysis using the
the method of generalised eigenvalue problem (GEVP) [56].
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Figure 2: Mass dependence of the chimera baryons, in the continuum limit, as a function of the mass squared
of the pseudoscalars, rhlz,s (left) and ﬁzf,s (right). Original plots are in Fig. 12 of Ref. [38].
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Figure 3: Meson [30], glueball [32] and chimera baryon masses in the quenched Sp(4) gauge theory
extrapolated to the limit of zero hyperquark masses. Glueball states are represented by the spin and parity
quantum numbers with the notation J¥. In this plot, PS (ps), V (v), T(t), AV (av), AT (at) and S (s) denote
the pseudoscalar, vector, tensor, axial-vector, axial-tensor and scalar mesons (off-diagonal in hyperquark
flavours) made of fundamental (antisymmetric) hyperquarks. The symbol fps means the decay constant of
the PS meson in the vanishing-hyperquark-mass limit. Original plot is in Fig. 13 of Ref. [38].
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Figure 4: Ground-state chimera baryon effective masses computed on the dynamical ensemble M2 (details
given in Tab. 1 of Ref. [41]). The coloured bands illustrate the fits for the masses, with the horizontal width
representing the fit range, and the height indicating the statistical error. Here we display results for both

parity-even and -odd states.
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Figure 5: Masses of mesons and chimera baryons extracted from the dynamical ensemble M2 in Tab. 1 of
Ref. [41]). The symbol Ey means the ground-state mass, while £ and E; indicate the first and the second
excited state masses, respectively. A GEVP method is used in the analysis. Pseudoscalar, vector, tensor,
axial-vector, axial-tensor and scalar mesons (off-diagonal in hyperquark flavours) made of fundamental
(antisymmetric) hyperquarks are denoted by PS (ps), V (v), T(t), AV (av), AT (at) and S (s). Description of
the analysis procedure for obtaining these meson masses is reported in Ref. [55]). Furthermore, results for
the flavour-siglet mesons (details in Ref. [41]), represented generically by r’, are also ploted here.
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4. Conclusion and outlook

The chimera baryons in CHMs play an essential role in the implementation of the partial com-
positeness mechanism that facilitates the generation of the SM fermion masses, hence understanding
their properties is of interest in the particle physics community. In this article, we present lattice
calculations of the spectrum of low-lying chimera baryons in the Sp(4) gauge theory coupled to
two and three Dirac flavours of hyperquarks transforming in the fundamental and antisymmetric
representations of the gauge group, respectively. Our calculation shows that candidates of the top
partner, which are identified with the Acp or Zcg, as well as the lightest spin-3/2 state, X7y, are
parity-even. In this article, a completed quenched computation for macy, msze, and ms; with ex-
trapolations to the continuum limit is presented. We also discuss preliminary results of our ongoing
work on calculations of these chimera baryon masses with dynamical hyperquarks.

In the future, we will also compute matrix elements entering the transitions between the top-
partner candidates and the vacuum. These matrix elements are crucial input for determining the SM
fermion masses from the partial compositeness mechanism, since they govern the mixing strength
between SM fermions and their partner chimera baryons.
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