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In strongly coupled gauge theories that serve as completions of composite Higgs models, the
fermionic bound states formed by fermions (hyperquarks) transforming in different representa-
tions, called chimera baryons, could serve as top partners, by embedding of the Standard Model
appropriately. We report our results on the spectrum of chimera baryons in the Sp(4) gauge theory
with hyperquarks transforming in fundamental and two-index antisymmetric representations. For
this study, we adopt the quenched approximation. We investigate the mass hierarchy between the
lightest chimera baryons with different quantum numbers, as a function of the lattice parameters.
Inspired by baryon chiral effective field theory, and the Akaike Information Criterion, we perform
a first extrapolation to the continuum and massless-hyperquark limit.
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1. Introduction

The Higgs boson discovery [1, 2] intensifies the quest for a deeper understanding of nature.
While experimental evidence supports the standard model (SM), the triviality of its scalar sector
suggests it is an effective field theory (EFT) with a finite ultraviolet (UV) cut-off. Composite
Higgs models (CHMs) stand out as potential theories, as they provide a natural framework for
accommodating a light Higgs boson [3—6]. These models introduce a novel strongly coupled sector
with an asymptotically-free gauge theory coupled to fermions (hyperquarks), where the SM Higgs
boson emerges as a pseudo-Nambu-Goldstone boson (PNGB) associated with a global symmetry
of the new strong interaction. Furthermore, CHMs can tackle the flavor problem by incorporating
partial compositeness for the top quark [7]. By coupling the theory to hyperquarks in two gauge
group representations and embedding the SM gauge group appropriately, bound states formed by
hyperquarks in different representations can share the quantum numbers as the top quark. These
bound states, known as top partners, contribute to the mass of the top quark through mixing.

Our collaboration has been developing an extensive programme of lattice studies [8—14] focused
on the Sp(4) gauge theory coupled to Ny = 2 Dirac fermions in the fundamental, (f), and ny = 3
Dirac fermions in the two-index antisymmetric, (as), representations of the gauge group [15]. In
the (f) sector, the SU(4)/Sp(4) coset, due to the pseudoreality [16], provides candidates for the
SM Higgs doublet with only one additional Goldstone mode. As the (as) representation is real,
the global symmetry is SU(6), broken to SO (6) [16]. The SU(3) subgroup of the unbroken SO (6)
can be identified with the QCD gauge group [6, 15]. In this framework, the top partners, dubbed
chimera baryons, are composed of two ( f) and one (as) hyperquarks.

In this contribution, we report the spectrum of the low-lying chimera baryons, sourced by the
following operators:

07" = 0L(CY)ap0) QUQ WS, (M
O;,Jk’” = Ql;la(c'}"u)aﬁQjﬁandec‘Png, (2)

where Q and ¥ are (f) and (as) hyperquarks, respectively, a, b, ¢, d are hypercolor indices, «, 3,
p are spinor indices, i, j, k are flavor indices, y° and y# are 4 x 4 Dirac matrices, C is the charge
conjugation matrix and Q is the symplectic matrix. Given both operators in Egs. (1) and (2) overlap
with even- and odd-parity states, and the operator O couples to both spin-1/2 and 3/2 states,
we perform parity and spin projections to isolate the states with designed quantum numbers, see
Section IIIA in Ref. [17] for detailed discussions. The lightest state sourced by O’, denoted as Acg,
is of spin-1/2 and even-parity. In the case of O, the lightest spin-1/2 even-parity state and spin-3/2

*

CB’
Considering this is the first systematic lattice calculation for the chimera baryon mass spectrum

even-parity state are Xcpg and X, respectively. Both Acp and Zcp are top-partner candidates.

in the Sp(4) gauge theory, we perform simulations in the quenched approximation. The standard
Wilson plaquette is applied for gauge-field action, while we employ valence fermions described
by the Wilson-Dirac lattice action in calculations of the hyperquark propagators. We generate five
ensembles, listed in Tab. 1, with different lattice spacing allowing for the continuum extrapolation.
The gradient flow method is applied to set the scale [18], and following the notation in Ref. [13]
we express the masses in unit of the gradient flow wq [19], denoting /i = wom. The square



Chimera baryon spectrum in the Sp(4) completion of composite Higgs models Ho Hsiao

Table 1: Gauge ensembles generated for this study. We display the bare coupling S, the lattice size,

N; X Nj;’, the average plaquette (P), and the gradient-flow scale wo/a. The gradient-flow scales are taken

from Ref. [10].

Ensemble | g N; X N3 (P) wo/a
QB1 7.62 | 48 x 243 | 0.6018905(94) | 1.448(3)
QB2 7.7 | 60x48% | 0.6088003(35) | 1.6070(19)
QB3 7.85 | 60 x 483 | 0.6203811(28) 1.944(3)
QB4 8.0 | 60x48% | 0.6307426(27) | 2.3149(12)
QB5 8.2 | 60x48% | 0.6432300(25) | 2.8812(21)

of the pseudoscalar meson mass is adopted as a reference scale for the hyperquark masses [10].
The masses of pseudoscalar mesons with (f) and (as) hyperquarks are denoted as mps and m,
respectively. Regrading the chimera baryons, may, msc, and ms; denote the mass of even-parity
ACBa ZCB’ and ZEB’
For a detailed discussion including lattice formulation, projections and analysis approaches,

respectively.

we refer readers to Ref. [17] and references therein.

2. Mass hierarchy

To study the hyperquark-mass dependence of the chimera-baryon mass hierarchy, we perform
the calculations at various bare masses, see Appendix A in Ref. [17]. We observe a decreasing ratio
. This ratio eventually approaches unity in the large- m

Mg /My, With increasing m . Tegime.

A similar pattern emerges w1th varying mPS except that ma, /ms, never approaches unlty in the

2
PS

. Throughout our entire range of hyperquark masses, Acg is not
lighter than Xcp. Likewise, we ﬁnd that %,
gap between them decreases with i 1ncreasmg mPS and m

region of large m%,s When the (as) hyperquark is heavy, the ratio shows a mild dependence on
and is primarily influenced by m
1s con51stently heavier than Xcg and Acg. The mass
. This behavior aligns with expectations
from heavy-hyperquark spin symmetry [20], as 1ncreas1ng hyperquark masses suppress the effects
of spin that contribute to the mass difference between Xcp and Z*CB

3. Mass extrapolation

We extrapolate the chimera baryon mass to the continuum and massless-hyperquark limit by
drawing inspiration from baryon chiral perturbation theory in QCD [21, 22], and from its lattice
realization [23]. Considering the following ansatz, we perform uncorrelated fits to the chimera-

baryon masses using polynomial functions of 7tps, 11ps, and the lattice spacing, a,

I’hCB = m/(\;B + FZmlzns + Azﬁ’tz + Ll&
+ Fgl’ﬁgs + Agm + Lgpmpsa + LQAI’I’lg5
+ F4mPS + A4m + C4mPSmps 3)
Here CB = Acg, 2cB oOr ZCB, and m’éB denotes the mass of the chimera baryon in the continuum

and massless-hyperquark limit. The coeflicients F; and A; are the low energy constants (LECs)
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Table 2: List of the terms in Eq. (3) that are associated to each fit ansatz used in our analysis.

Ansatz | ik [ dg [ w2 [ mds [ md [k [ md [ mdamd | a | mia | mia
M2 | v [ v v - - -] - i -
M3 | v [ v [ v v v -] - Vv
ME4 | v | v | v v [ v v - Y

MAG | v | v [ v Vv -V - Vv
MC4 | v | v v v - v v

associated with corrections to riicp at the j-th power in ritps and iy, respectively, while the coeffi-
cient C4 governs the cross-term proportional to n%lz,sn%gs. The LECs Ly, LyF, and L 4, correspond to
corrections due to the finite lattice spacing, 4. We only consider polynomial dependence of riicg on
pseudoscalar meson masses, omitting possible logarithmic terms, and perform the fit independently
for each chimera baryon.

Our first attempt, fitting to Eq. (3) with the entire dataset, results in a large value of )(2 /Nd.of.—
indicating a very poor fit. As a result, we impose a set of cuts on pseudoscalar meson masses,
(771ps, cut» Mps,cur), O fit a subset including data points that sit within the cuts. The initial set of cuts
is chosen as (#ips,cut, Hips,cur) = (0.52,0.52), which ensures the minimal subset contains 13 data
points. We then increase the cut values, rips cur and #ips cur, independently, in steps of 0.05, and
introduce the condition, amps < 1 and ams < 1, on the data points within that set of cuts. The
maximum cut values stop at (#ps,cut, fitps,cut) = (1.07, 1.87), where the whole dataset is included.
In this way, we construct 158 distinct data sets. However, the )(2 /Nd.o.t. values of fitting each data
set to Eq. (3) are still large. Thus, we proceed the following fitting strategy.

The 158 data sets are fitted to five fit ansatze based upon truncating Eq. (3) to include a reduced
number of fitting parameters. We first consider the ansatz, dubbed M2, restricted to the first line of
Eq. (3), which contains ”A")c(B and corrections quadratic in pseudoscalar-meson masses and linear in
lattice spacing. The ansatz M3 is introduced by incorporating also corrections up to cubic in the
pseudoscalar-meson masses, as well as the lattice-spacing corrections, n%f,sd and nﬁgsd. Finally, we
incorporate the three highest-order terms from Eq. (3) individually. Within ansatze MF4, MA4,
and MC4, these additions correspond to introducing F4nA1gS, A4ﬁ1§s, or C4n%l%sn%gs, respectively.

With these five ansatze, tabulated with their associated terms in Tab. 2, and 158 data sets, we
obtain 790 analysis procedures. In order to quantitatively select the best procedure, we compute the
Akaike information criterion (AIC) [24, 25]. For each analysis procedure we compute

AIC = y? + 2k + 2Ny, )

where y? represents the standard chi-square, k is the number of fit parameters, and Ny is the
number of data points removed by the cuts, (1ps,cut, i1ps,cut). The corresponding probability weight
is defined as

1 1
=N exp [_EAIC] s (5)

where the normalization factor N assures the sum of W over all 790 analysis procedures equals to
one.

By applying this fitting strategy to the three chimera baryons independently, we find that the
optimal choice of analysis procedure for Acg is MC4 at (#ips,cut, Hips,cur) = (1.07,1.87). Regrading
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Table 3: Low-energy constants in Eq. (3) for each chimera baryon, as determined by the best analysis
procedure in the ansatz at (1ips,cut, fips,cut). The missing coefficients are set to zero.

CB . P Ay F; A3 Cy
Acs | 0999(27) 0.709(61) 0.383(10) -0.150(34) -0.092(4) -0.026(5)
Scp | 0.84121)  0.815(77)  0.558(13) -0.252(63) -0.161(7) -0.078(7)
ZéB 1.259(34) 0.360(110) 0.393(29) -0.071(93) -0.129(16) -
CB Ly Lyr Loa Ansatz ”hPS,cul mps,cut
Acg | -0.137(43)  0.071(69) 0.004(11) MC4 1.07 1.87
Sep | 0.141(33)  0.187(65) -0.021(16)  MC4 0.77 1.47
T | -0335(54) 0342(83)  0.004(30) M3 0.82 1.17
Acp Yon S
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Figure 1: Mass of chimera baryons Acg, Xcp, and £ as a function of n%%,s (left) and n%gs (right) in the

limit of vanishing lattice spacing. The plots are generated with mgs = 0 (left) and rhlz,s = 0 (right), based on

best-fit LECs from Tab. 3, with bands representing statistical errors. Bands extend horizontally between zero

and optimal choices of n%%,s’cm (left) and 7ty . (right).

Ycp and Xy, the best analysis procedures are MC4 at (7itps cuts Mips cut) = (0.77,1.47) and M3 at
(71ps, cuts Mps,cut) = (0.82, 1.17), respectively. We present corresponding LECs obtained by the best
analysis procedures in Tab. 3, see more details in Section IIIC of Ref. [17].

Having determined the LECs, we explore the dependence of the chimera-baryon masses in the
continuum limit by taking @ = 0in Eq. (3). In Fig. 1, the left (right) panel shows the change of 71,
Moy, and My, with respect to the variation of ritps (11ps) in the limit where riips = 0 (7itps = 0). The
mass hierarchy, 7z, < fine, < fiisy . is observed across the entire range of hyperquark masses
explored in this study. Specifically, the masses 715, and 7tz are compatible only in the regime
where (as) hyperquarks are substantially heavy. This hierarchy carries non-trivial implications for
the development of composite Higgs models with top partial compositeness.

In addition, we extend the plot of the mass spectrum by including mesons and glueballs in the
theory. In Fig. 2, meson and glueball masses are taken from our previous studies in the quenched
approximation [10, 11], while the chimera-baryon masses are taken in the massless-hyperquark
limit (n%gs = ”A112>s = 0). Mesons labeled with capital letters consist of () hyperquarks, whereas
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those represented by lowercase letters are made of (as) hyperquarks. All masses have been
extrapolated to the continuum and massless-hyperquark limit. They are displayed in both gradient-
flow units (vertical axis on the left-hand side) and units of the fundamental pseudoscalar meson
decay constant (vertical axis on the right-hand side). The masses of the top-partner candidates, Acp
and Xcp, closely align with those of the (as) vector mesons.

4. Summary and Outlook

We presented our measurement, performed in the quenched approximation and in the Sp(4)
gauge theory, of the mass spectrum of chimera baryons, Acp, ZcB, and Z(.;. The first two such states
are top partner candidates in a class of composite Higgs model with top partial compositeness. We
examined their mass hierarchy and performed continuum and massless-hyperquark extrapolations.
This study serves as a foundation for future lattice simulations with dynamical hyperquarks.
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