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We perform the first convergent Bayesian global fits of 4D Composite Higgs Models with partially-
composite third generation quarks and leptons based on the minimal SO(5) — SO (4) symmetry
breaking pattern. We consider two models with the 7 lepton and its associated neutrino in different
representations of SO(5). Fitting each model with a wide array of experimental constraints
allows us to analyse the Bayesian evidence and currently-observed fine-tuning of each model
by calculating the Kullback-Leibler divergence between their respective priors and posteriors.
Notably both models are found to be capable of satisfying all constraints simultaneously at the
30 level at scales of < 5 TeV. From a Bayesian viewpoint of naturalness the model with leptons
in the 14 and 10 representations is preferred over those in the 5 representation due to its lower
fine-tuning. Finally, we consider the experimental signatures for the preferred parameters in
these models, including lepton partner decay signatures and gluon-fusion produced Higgs signal
strengths, and discuss their potential phenomenology at future high-luminosity LHC runs.
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1. Introduction

The hierarchy problem—the question of why the Higgs boson mass is much lower than high-
energy scales—motivates Composite Higgs Models (CHMs), where the Higgs emerges as a bound
state from a strongly-interacting sector at the few-TeV scale, thereby protecting it from large mass
corrections [1-3]. In minimal CHMs, the Higgs doublet’s four degrees of freedom arise as pseudo-
Nambu—Goldstone bosons from the breaking SO(5) — SO(4) [4, 5], and Standard Model fields
are partially composite, with heavier particles coupling more strongly to the composite sector [6].

Early studies focused on the partially composite top and bottom quarks and showed that the
embedding of their partners in various SO (5) representations (e.g. 5, 10, or 14) substantially impacts
the fine-tuning required for electroweak symmetry breaking [7, 8]. Notably, the M4ADCHM?>—>~3
model, which embeds all composite quark partners in the 5, predicts realistic H — yy signal
strengths despite its inherent double tuning [9, 10].

In this contribution, we present work that has extended this analysis by incorporating the partial
compositeness of third-generation leptons (the 7 lepton and its neutrino) [11]. We study two scenar-
ios: one where the lepton partners are embedded in the 5 (LM4DCHM§:§ —3) and another where the
left-handed doublet is embedded in the 14 and the right-handed 7 in the 10 (LM4DCHM?, >, 5) [12].
Global fits are performed using the PolyChord nested sampling algorithm [13, 14], incorporating
constraints from SM masses, electroweak precision tests, Z decay ratios, Higgs signal strengths,
and bounds on the masses of both quark and lepton partners.

Our Bayesian approach quantifies fine-tuning via the Kullback-Leibler divergence between
the prior and posterior distributions. The analysis indicates that including partially composite
leptons—particularly with the 14 embedding—can significantly reduce overall fine-tuning, thereby
providing a more natural resolution to the hierarchy problem.

2. Model overview

The models considered here are two-site leptonic Minimal 4D Composite Higgs Models
(M4DCHMs). In these models, the first site contains the elementary fields (with the same quantum
numbers as the Standard Model fields except for the Higgs), while the second site hosts the composite
fields together with the Higgs. Each site is governed by its own

G = SU3)¢c xSO(5) x U(1)x,

and the spontaneous breaking of the overall product group G' x G? to its diagonal subgroup G'*2
produces Goldstone bosons ; that link the two sites. An additional breaking SO(5) — SO(4)
yields pseudo-Nambu—Goldstone bosons (pNGBs) that are identified as the Higgs doublet. The
effective decay constant f is related to the decay constants f; and f, via

11 R 1
T T e
VR
and is connected to the Higgs vacuum expectation value by
v
Sty

with v = 246 GeV and s(j,) denoting the vacuum misalignment.
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2.1 Boson sector

In the boson sector, the Lagrangian comprises the kinetic terms for both the elementary gauge
fields (of SU(3)¢c xSU(2)r X U(1)y) and the composite gauge fields (of SU(3)¢c XSO (5)xU(1)x),
along with contributions from the Goldstone boson matrices ;. These matrices parameterize the
symmetry breakings, and their associated decay constants f; determine the breaking scales. The
composite sector introduces massive vector bosons, including ten states from SO(5), eight heavy
gluons from SU(3)¢, and one massive U(1)x resonance.

2.2 Fermion sector

For the fermion sector, we denote the models by LM4DCHM?:;_b. The quark partners are
fixed to be in the fundamental 5 representation of SO(5) for both models whilst lepton partners
have two distinct embeddings. In the LM4DCHM§:§_5 model, both the left-handed lepton doublet
and the right-handed 7 are embedded in the S representation; whilst the LM4DCHM?;§1‘05 model
places the left-handed lepton doublet in the 14 and the right-handed 7 in the 10. The corresponding
fermionic Lagrangians contain standard kinetic terms for the elementary and composite fields,
mixing terms via link fields such as €;, and Yukawa-like interactions that generate masses after

symmetry breaking.

2.3 Higgs potential

The Higgs potential is derived from the low-energy effective fermionic Lagrangian obtained
by integrating out the heavy composite fermions. This yields an effective Lagrangian expressed
in terms of model-dependent form factors I, (p?) and M, (p?) for each fermion species. The
fermionic contribution to the potential is given by an integral over Euclidean momentum of a
logarithmic function involving these form factors. Gauge boson contributions to the quadratic term
in the potential are calculated analytically to first order in zg9 := go/g,. Composite gauge boson
masses are defined in terms of the decay constants f; and f5.

%m) S;’) , where 8* is the quartic coefficient of

the expansion of the Higgs potential after expanding it in terms of sy, := sin (h/f).

Our new Higgs mass is then mpy := ,/88(1 — s

3. Scanning Method

3.1 Scan algorithm

In our analysis, we perform global scans over the model parameter space using the nested
sampling algorithm PolyChord [13]. This method enables comprehensive exploration of the
multi-dimensional parameter space and the identification of potential multi-modal posterior dis-
tributions. Each parameter point p is assigned a likelihood, i.e. L(p) = e 2 z(p), with the total
chi-squared y?(p) constructed from contributions of both uncorrelated and correlated observables.
For correlated observables, the y? is calculated using the covariance matrix C.

The posterior distribution is obtained via Bayes’ theorem:

L(p)r(pIM)

PIM) = =5 R,
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where the Bayesian evidence
2M) = [ do LE)IM)

quantifies the model’s overall favourability by balancing the goodness-of-fit with naturalness. In
fact, the relation
InZ=(InL)p - Dkr,

shows that the evidence is determined by the average log-likelihood and the Kullback-Leibler
divergence Dk, which measures the difference between the posterior and the prior (and thus the
degree of fine-tuning).

PolyChord approximates Z(M) via a Riemann sum over the live points. Convergence is
achieved when the remaining posterior mass Zjive & X; (L iive falls below 1073 of the total accumu-
lated evidence.

3.2 Scan parameters

LM4DCHM 5-5 14-10
Decay constants > fi. fxs fo > fi. fxs fo
Gauge couplings 8p> 8X> 8G 8p> 8Xx> 8G

Quark link couplings

Quark on-diagonal masses

Al‘L7 AtR’ AbL’ AbR

mg, mg, Mp, m];

AtLa Al‘Ra AbL’ AbR

me, mg, Mmp, Mg

Quark off-diagonal masses my,, my, my,, My,
Quark proto-Yukawa couplings | ¥;, Y} Y., Y,
Lepton link couplings A, Arg Ar, Ay
Lepton on-diagonal masses My, Mz My, Mz
Lepton off-diagonal masses my,

Lepton proto-Yukawa couplings | Y. Y:
Dimensionality 25 24

Table 1: Parameters present in each model.

The parameter space is defined by a set of model parameters (see Table 1) and their correspond-
ing scan ranges and priors, all of which are detailed in [11]. To reduce computational expense, all
mass-dimension parameters are scanned in units of the decay constant f, which is later fixed by its
relation to the Higgs vacuum expectation value.

3.3 Experimental constraints

Experimental constraints used in the scans are as those from our previous work: measurements
of Standard Model masses (such as m;, mp, myg, and m.), electroweak precision observables (e.g.
the oblique parameters S and T and Z decay widths), Higgs signal strengths from gluon-fusion
production; as well as additional lepton partner mass bounds from LHC searches (see [10, 11] and
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references therein for specific constraints). We do not include flavour constraints because doing
so would necessitate a more detailed treatment of the flavour structure. Furthermore, we restrict
our analysis to partial compositeness of only the third generation, as incorporating the full flavour
structure would greatly complicate obtaining a convergent global fit over the complete parameter
space. In addition, steep one-sided Gaussian likelihoods are applied to enforce lower bounds on
the masses of fermion partners. Multiple scans (each using 4000 live points) were performed and
subsequently merged using anesthetic [15] to ensure robustness and transparency in our results.

4. Results

For the sake of brevity, we will mainly discuss the results in the context of their Bayesian
statistics and key phenomenological results, A full explanation of these results, which include the
main scans, detailed analysis and discussion can be found in our original paper [11].

4.1 Model statistics

Model | In(2) (In(£L))p maxIn(L) Dgkyr
LM4DCHM 37 | —45.60 +0.06  -17.27 -10.79 2833
LMADCHM;;>5 | =36.30 £0.05  -14.63 9.13 2167

Table 2: Statistics from the combined Bayesian scans of each model, using the priors from ??.

In Table 2, we present the log-evidence In(Z), the posterior-averaged log-likelihood (In(.£))p,
the maximum log-likelihood max In(£), and the Kullback-Leibler divergence D g of both models.

Albeit both satisfy all imposed constraints per Section 3.3 at the 30 level, the LM4DCHM?;§1‘05

shows an evidence that is four orders of magnitude larger than that of the LM4DCHM§:§‘5.
5-5-5
14-10
log-likelihood and, more importantly, a lower KL divergence, indicating less fine-tuning.

This decisive preference arises mainly because the LM4DCHM has both a higher average

Constraining our priors as in has artificially enhanced the Bayesian evidences, since we deliber-

ately chose these bounds to focus on regions with better likelihoods thus reducing the computational

cost of the scans. To further assess prior dependence, we post-processed our samples assuming

5-5-5
14-10
remains strongly preferred. The large disparity in evidences is primarily driven by the greater

fine-tuning required in the LM4DCHM§:§‘5.

uniform priors and, separately, using much wider bounds. In both cases, the LM4DCHM

4.2 Experimental signatures

As a result of these scans, we can examine the predicted phenomenology for parameter points
in both models that have simultaneously satisfied all constraints and collider bounds at the 3o level,
including the recent quark resonance bounds of 1.54 and 1.56 TeV for the top and bottom partners,
respectively [16, 17].

Each model features several heavy quark and lepton partners that could be observed at the LHC,
particularly given the predicted sensitivity of the HL-LHC with an integrated luminosity of 3000
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fb~!. However, direct detection of these heavy resonances—typically of O(TeV)—is generally
unfeasible, even for the more promising LM4DCHM?>;°> model, as shown in Figure 1.

14-10
ol - LM4DCHM%¢ | 10°
LM4DCHM} 3% .
102 4 = )

10°! M .+ LMADCHM;%0
LMADCHMZ =5~

044 —

10! 10!
10774

10-4 10-1

10754 107 10-1

a(pp — E2) (pb)

o(pp — Lg) (pb)

10710 10-10

107114 10-13

10713 1013

1071 4 10-16

10710 10-16

Events at an Integrated Luminosity of 3000 fb~!

Events at an Integrated Luminosity of 3000 fb~?

0 1 2 3 5 6 7 0 2 1 6 8
my, (TeV) mpgs (TeV)

Figure 1: Cross sections for the process pp — W/Z — X at vs = 13 TeV, where X = {Ly4, E2} are lightest
composite partners with electric charge {#1, 2} for valid points in both models. The axis on the right
shows the expected number of X particles produced at an integrated luminosity of 3000 fb~! as expected
of HL-LHC. The green shaded region is that where the expected number of particles is > 1. Black lines
indicate bounds placed by collider search constraints.

Nevertheless, precision Higgs measurements remain excellent tests of these models. In our
scenario, the gluon-fusion Higgs signal strengths,

— [O_(gg - H) BR(H - JJ)]measured

’ugg =
1 [o(gg = H)BR(H — JJ)|sm

are highly sensitive to modifications in the Higgs couplings to SM gauge bosons and fermions,
as well as to loop contributions from composite resonances. Since the predicted signal strengths
for both models agree well with the SM value and experimental data (see Figure 2), the prospects
for precision measurements of these signal strengths present promising opportunities to test these

models in future work—in particular, to assess the viability of the LM4DCHM3 27>

s_s ~ model.

5. Conclusion

We have obtained convergent global fits of lepton-inclusive MCHMs, finding that both models
featuring leptons in different representations can satisfy all imposed experimental constraints. From
a Bayesian perspective, the LM4DCHM?Z§ 1_05 is definitively more preferred as its evidence is several
orders of magnitude greater than that of the LM4DCHM§:§‘5, with results that are robust against
our choice of priors.

The phenomenology of these models was also analysed, with predicted partners being generally
too heavy to be seen, even at the HL-LHC. On the other hand, predictions for gluon-fusion Higgs
signal strengths for both models generally align well with experimental bounds, serving as a

promising avenue to indirectly test these models.
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Figure 2: Higgs signal strengths for valid points in both the LM4DCHM§:§’5 and LM4DCHM?Z_51’05. Red
lines show SM predictions for each decay channel, and the black lines and grey shaded areas show the
experimentally measured values and their 10~ uncertainties. Green shaded areas show the projected precision
of measurements from the HL-LHC at 3000 fb~!, assuming measurements centred on the SM value of 1.
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