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Abstract: We demonstrate that the inclusion of a realistic lepton sector can relax signifi-

cantly the upper bound on top partner masses in minimal composite Higgs models, induced

by the lightness of the Higgs boson. To that extend, we present a comprehensive survey

of the impact of different realizations of the fermion sectors on the Higgs potential, with a

special emphasis on the role of the leptons. The non-negligible compositeness of the τR in a

general class of models that address the flavor structure of the lepton sector and the small-

ness of the corresponding FCNCs, can have a significant effect on the potential. We find

that, with the τR in the symmetric representation of SO(5), an increase in the maximally

allowed mass of the lightest top partner of & 1 TeV is possible for minimal quark setups like

the MCHM5,10, without increasing the tuning. A light Higgs boson mH∼(100−200) GeV is

a natural prediction of such models, which thus provide a new setup that can evade ultra-

light top partners without ad-hoc tuning in the Higgs mass. Moreover, we advocate a more

minimal realization of the lepton sector than generally used in the literature, which still can

avoid light partners due to its contributions to the Higgs mass in a different and very natu-

ral way, triggered by the seesaw mechanism. This allows to construct the most economical

SO(5)/SO(4) composite Higgs models possible. Using both a transparent 4D approach,

as well as presenting numerical results in the 5D holographic description, we demonstrate

that, including leptons, minimality and naturalness do not imply light partners. Leptonic

effects, not considered before, could hence be crucial for the viability of composite models.
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1 Introduction

The LHC and its experiments have already delivered an outstanding contribution to our un-

derstanding of electroweak symmetry breaking (EWSB). With the discovery of the 125 GeV

scalar [1, 2] and the first determination of its properties, we are lead to the conclusion that

a Higgs sector is responsible for EWSB. However, the question if this sector can be iden-

tified with the one appearing in the Standard Model (SM) of particle physics is still to be

answered. There are various reasons to expect new particles beyond the SM (BSM) and
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then naturalness calls for a mechanism to avoid the sensitivity of the Higgs mass to large

scales. Supersymmetric models or models of compositeness, like the most studied minimal

composite Higgs models MCHM5 and MCHM10, provide an elegant incarnation of such a

protection mechanism. Both ideas assume the presence of BSM physics not far above the

electroweak scale MEW ∼ v in order to avoid the quadratic ultra-violet (UV) sensitivity of

the Higgs mass but rather saturate it in the infra-red (IR). For the latter class of models,

the separation between the Higgs mass and the BSM scale, where new resonances appear,

can naively be larger since the Higgs is realized as a pseudo Goldstone boson of the coset

SO(5)/SO(4), providing an additional protection for its mass.

However, in the MCHMs mentioned before, the fact that the Higgs boson is rather

light, mH ≈ 125 GeV, requires the presence of light partners of the top quark [3–11]. This

tendency can be easily understood from the fact that generically the linear mixing terms

between the top quark and the composite fermionic partners, needed to generate the top

mass via the concept of partial compositeness, break the Goldstone symmetry and thus

contribute to the Higgs mass. The large value of the top mass requires the masses of the

top partners to be rather small in order to generate a large mixing with the composite

sector without introducing too large coefficients of the linear mixing terms, that would

make the Higgs too heavy. So in both classes of solutions to the naturalness problem one

expects top partners at . O(1) TeV. The non-observation of these particles at the LHC

so far has already put both ideas under some pressure.

For the MCHM5,10, where the composite fermions are realized in fundamental and

adjoint representations of SO(5), respectively, the presence of light partners significantly

below the actual scale of these models has explicitly been demonstrated in [3, 5–10].1 For

a 125 GeV Higgs boson their masses have been shown to lie around m
(5)

t̃
∼ 600 GeV and

m
(10)

t̃
∼ 400 GeV, given that the fundamental mass scale of the models resides at the TeV

scale, as suggested by naturalness. This is even in a region probed currently by experiments

at the LHC and provides an option to discover signs of these models, but in the case of no

observation also is a potential threat to the composite Higgs idea. Indeed, the MCHM10

is already severely challenged by top partner searches, see also section 3.

The only viable way out of the necessity of such ultra-light states found so far, requires

the embedding of quarks in a symmetric representation 14 of SO(5). These models however

suffer generically from an ad-hoc tuning [9, 10]. While in the MCHM5,10 after EWSB the

Higgs mass is automatically generated not too far from the experimental value, and light

fermionic partners offer the option to arrive at mH = 125 GeV, this is not true for this

realization with a 14. In contrast to the other models, one needs a sizable tuning of

in general unrelated quantities to arrive at the correct Higgs mass, which is naturally

predicted much too heavy, m
(14)
H ∼ 1 TeV. This is to be contrasted with the “double

tuning” in the MCHM5,10, which is required to achieve a viable EWSB [7], see section 2.2.

Thus, while evading the necessary presence of problematic fermionic partners, the attractive

prediction of a generically light Higgs boson is challenged and one needs to induce a different

1We will not consider the spinorial representation 4, as in the fermion sectors where it could have an

impact on our analysis it is not viable due to a lack of protection for Zb̄LbL (or Zτ̄RτR) couplings.

– 2 –



J
H
E
P
0
5
(
2
0
1
5
)
0
0
2

kind of ad-hoc cancellation, which is not linked to the necessity of a suitable EWSB, but

rather to the particular experimental value of the Higgs mass, not favored by the model.

While, besides that, there exist viable setups featuring a symmetric representation of SO(5),

one should also note that models like the MCHM14 suffer from a large modification of

σ(gg → H) and are already disfavored from Higgs physics at the LHC. Moreover, the

setups considerably enlarge the particle content and parameter space with respect to the

most minimal realizations without an obvious structural reason.

In this article, we will introduce a new class of options to lift the mass of the top

partners. They can realize a light Higgs without an ad-hoc tuning and without large

changes in Higgs production, thus adding new aspects to the question if the non-observation

of fermionic partners below the TeV scale together with at most modest effects in Higgs

production already put the SO(5)/SO(4) composite Higgs framework under strong pressure.

To that extend we analyze the influence of leptons on the Higgs potential. Naively, such

contributions seem not to be relevant due to the small masses of the leptons, leading at first

sight to a small mixing with the composite sector and thus a small Goldstone-symmetry

breaking. However, in a general class of models that address the flavor structure of the

lepton sector (e.g. via flavor symmetries) and in particular the smallness of leptonic flavor-

changing neutral currents (FCNCs), there is a natural suppression of the Yukawa couplings

in the composite sector as well as of the left-handed lepton compositeness (see [12]). The

reason for the former is that the Yukawa couplings control the size of the breaking of the

flavor symmetries. The latter (more relevant) suppression is due to the fact that the left

handed lepton couplings are in general not protected by custodial symmetry. Potentially

dangerous corrections thus need to be suppressed by the elementary nature of the left-

handed leptons. In these flavor-protected models, the τR needs to mix stronger with the

composite sector than naively expected, in order to generate its non negligible mass, which

can lead to interesting effects in the Higgs potential.2

Beyond that, we will point out a new motivation for charged lepton compositeness,

built on the mere size of the neutrino masses. As it will turn out, the most minimal

realization of the type-III seesaw mechanism in the composite Higgs framework projects

the modest IR localization of right-handed neutrinos onto the charged leptons. The possible

Majorana character of neutrinos thus leads to distinct new features in the lepton sector,

compared to the light quarks.

It turns out that the contributions of the τ sector to the Higgs mass can interfere

destructively with the top contribution and, for the symmetric SO(5) representation, can

lift the masses of the light fermionic resonances significantly above the region of mt̃ .
1 TeV, currently tested at the LHC, even if the quark sector corresponds to the MCHM5 or

MCHM10. Thus, such potential contributions should be taken into account when examining

2Note that this is not the case in the bottom sector, where a relatively large degree of compositeness

of the doublet component bL is required due to the large top-quark mass, in turn not allowing for a

sizable mixing of the bR with the composite sector (where the latter also in general features no custodial

protection). On the other hand, models of τR compositeness feature in general also enough protection

of the τR couplings, not to be in conflict with precision tests [13] and can have an interesting (possibly

modest) impact on Higgs physics at the LHC [14].
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the viability of the composite Higgs idea. As we will show, lifting the top partner masses

via leptonic contributions has several intriguing features. First, one opens the possibility

to avoid the large ad-hoc tuning appearing in equivalent realizations via the quark sector in

a way that ultra-light resonances are even disfavored from the point of view of the tuning.

Moreover, we will show that it is possible to evade light partners even without abandoning

the concept of minimality of the setup.

This article is organized as follows. In section 2 we provide a complete survey of possible

realizations of the fermion sector of the composite setup for the chiral SM-fermions mixing

with any one of the basic representations of SO(5) up to a 14 and discuss the structure

of the Higgs potential and its mass via a spurion analysis. In particular, we review the

emergence of light partners and demonstrate in a general way how they could be avoided

via leptonic contributions, pointing out the virtues of this approach. While in this section

we follow a generic, particular suited, 4D approach that makes the important mechanisms

more transparent, in section 3 we will give explicit numerical results in the Gauge-Higgs

unification (GHU) setup, which provides a weakly coupled dual description of the composite

Higgs idea. Here, we will confirm the general findings of the previous section and provide

detailed results for the top partner masses and the tuning, in dependence on the Higgs

mass for all important incarnations of the fermion sector. In particular, we introduce a new

realization of the lepton sector in GHU models, embedding both the charged and neutral

leptons in a single 5L+14R, thus working with less degrees of freedom than in the standard

MCHM5-like setup and a significantly reduced number of parameters. Employing a type-

III seesaw mechanism, we make explicitly use of the additional SU(2)L triplets provided

by the 14R, presenting the most minimal composite model with such a mechanism - which

even allows for an enhanced minimality in the quark sector with respect to known models.

This avoids many additional colored states at the TeV scale and allows for the least number

of new degrees of freedom of all known viable setups of SO(5)/SO(4). We will show that

this very minimal realization of leptons just belongs to the class of models that has the

strongest impact on the Higgs mass and demonstrate its capabilities for lifting the light

partners. We finally conclude in section 4.

2 General structure of the Higgs potential in MCHMs and light partners

In this section, we review the structure of the Higgs potential in composite models and

the emergence of “anomalously” light top partners in models with a naturally light Higgs

boson. We will then illustrate how including the effects from a realistic lepton sector allows

to construct models that evade the necessary presence of fermion partners with masses

. 1 TeV, without introducing a large (ad hoc) tuning. To make the important physics

more transparent, while keeping the discussion as generic as possible, we will work with

general 4D realizations of the composite Higgs framework [6, 7, 15–18] and later provide

the connection to the dual 5D GHU setup [19–24], which adds explicit calculability to the

strongly coupled 4D models.

– 4 –



J
H
E
P
0
5
(
2
0
1
5
)
0
0
2

2.1 Generic (4D) setup of the models

In composite Higgs models, the Higgs field is assumed to be a composite state of a new

strong interaction. In consequence, corrections to the Higgs mass are cut off at the com-

positeness scale such that it is saturated in the IR. Moreover, following the analogy with

the pions in QCD, it is generically realized as a pseudo Nambu-Goldstone boson (pNGB)

associated to the spontaneous breaking of a global symmetry [25–33], see also [23, 24].

This provides a natural reasoning for the fact that the Higgs is lighter than potential new

resonances of the models. The minimal viable breaking pattern featuring a custodial sym-

metry for the T parameter is SO(5) → SO(4), which leads to four Goldstone degrees of

freedom. The pNGB Higgs can thus be described by the real scalar fields, Πâ, â = 1, . . . , 4 ,

embedded in the Σ field

Σ = U Σ0, U = exp

(
i

√
2

fπ
ΠâT

â

)
, (2.1)

which transforms in the fundamental representation of SO(5). Here, Σ0 = (0, 0, 0, 0, fπ)T

specifies the vacuum configuration, preserving SO(4), fπ is the pNGB-Higgs decay constant

and T â are the broken generators belonging to the coset SO(5)/SO(4). These generators are

defined in appendix A, together with the remaining SO(4) ∼= SU(2)L × SU(2)R generators

T aL, T
a
R.

Under g ∈ SO(5), the Goldstone matrix U appearing in the decomposition (2.1) trans-

forms as [34, 35]

U → g ·U · ĥT (Π, g), ĥ =

(
ĥ4 0

0 1

)
, ĥ4 ∈ SO(4), (2.2)

such that Σ→ g ·Σ. The above construction provides a non-linear realization of the SO(5)

symmetry on the Π fields, which however transform in the fundamental representation

of the unbroken SO(4) (i.e., as a bi-doublet under SU(2)L × SU(2)R). Finally note that

the Σ field just corresponds to the last column of the Goldstone matrix U , Σ = fπ UI5.

The fact that the Higgs is realized as a Goldstone of SO(5)/SO(4) leads to a vanishing

potential at the tree level. Explicit SO(5)-breaking interactions then generate it at one

loop, which induces a Higgs vacuum expectation value (vev) v, taken along the scalar

component Π4̂ ≡ h = H + v, with 〈H〉 = 0, mediating EWSB.

Beyond the pNGB Higgs, composite models generically contain fermionic and bosonic

resonances with masses mΨ,ρ ∼ gΨ,ρ fπ . 4πfπ, bound states of the new strong sector and

transforming via g, in addition to the elementary SM-like fields. These bound states can

be resolved only beyond a scale Λ ∼ 4πfπ � mH , that defines the cutoff of the pNGB

model. Since the effect of the gauge resonances is of minor importance for our study, we

will neglect them in the following, see below. Moreover, for our discussion of the Higgs

potential only those fermionic resonances are important that appear in the breaking of the

global SO(5) symmetry via large linear mixings to the SM, mediating the masses generated

in the composite sector to the SM fields, as detailed below. They correspond to leading

approximation just to the composite partners of the (up-type) third generation quarks tR,
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qL, as well as of the τR. Note that these excitations contain in particular fields that are

significantly lighter than the general scale of the new resonances, mcust . fπ � mΨ,ρ,

dubbed light custodians, as for the models we consider these modes are present due to

custodial symmetry [3, 6, 36–42]. These fields will be of special importance for the Higgs

potential. In consequence of the above discussion, in this section we will consider an

effective (low energy) realization of the composite setup, including only the resonances

associated to the third generation top and τ sectors, to study the impact of different

incarnations of the fermion sector on the Higgs potential, while the other resonances are

integrated out at zeroth order.3 Finally, note that a generally subleading contribution to

the potential still remains present inevitably from weakly gauging just the diagonal SM

electroweak subgroup GEW = SU(2)L×U(1)Y of the global composite SO(5)×U(1)X and

elementary SU(2)0
L ×U(1)0

R groups, which also explicitly breaks the SO(5) symmetry.4

Neglecting subleading effects due to the heavy resonances residing at the scale mρ,Ψ and

not associated to the third generation fermions (and as such in particular irrelevant for our

discussion of the Higgs potential), our setup is thus described by the low-energy Lagrangian

L = LSM[V µ, f ] + LΣ + LΨ
kin + LΨ

mass − V (Π) . (2.3)

Here, the σ-model term LΣ = 1
2 (DµΣ)T DµΣ = f2

π
2 (DµUI5)T DµUI5 contains the cou-

plings of the composite Higgs to the SM gauge fields via the covariant derivative Dµ =

∂µ− ig′ Y Bµ− ig T iW i
µ, with g and g′ the SM gauge couplings. Note that the non-linearity

of the Higgs sector, see (2.1), induces a shift in the couplings of order v2/f2
π with respect to

the SM. Moreover, LΨ
kin =

∑
f=T,t,T ,τ Tr[Ψ̄fγµDµΨf ] are the kinetic terms of the composite

fermions, each associated to a chiral SM fermion, see below, and LSM[V µ, f ] encodes the

spin 1 and spin 1/2 part of the SM Lagrangian containing only vector and/or fermion fields,

i.e., the field strength tensors and the covariant derivatives between SM-fermion bilinears

(plus gauge fixing and ghost terms).

3We will comment on the effect of partners of lighter fermions in one case where they might become

relevant numerically later.
4Switching off the SM gauge interactions and the linear fermion mixings, the Lagrangian is invariant un-

der separate global symmetries in the elementary and composite sectors. The additional U(1)X factor is

needed to arrive at the hypercharges of the SM-fermions, via Y = T 3
R +X, and we omit SU(3)c.

Note that in a full two-site description, including composite gauge resonances, an additional σ-field Ω

breaks the elementary SO(5)0 (with SU(2)0
L×U(1)0

R gauged) at the first site and the composite, completely

gauged, SO(5) at the second site to the diagonal subgroup SO(5)V [6] (see also [17]). One linear combination

of the bosons corresponding to the SU(2)0
L × U(1)0

R and SU(2)L × U(1)R subgroups remains massless,

furnishing GEW, while the orthogonal combination and the coset SO(5)/(SU(2)L × U(1)R) gauge fields

acquire a mass at the scale mρ. The Σ Goldstone bosons also contributes to the latter masses since Σ

breaks SO(5) → SO(4). A linear combination of Ω and Σ then actually provides the pseudo-Goldstone

Higgs, which then delivers the longitudinal degrees of freedom for the massless SM-like gauge fields in a

second step. Since the gauge resonances have only a minor impact on the Higgs potential (determined by

the weak gauge coupling), here we study the limit of a large Ω decay constant for simplicity, which decouples

all the heavy gauge resonances and leads to the Higgs sector just originating from Σ.

– 6 –
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The most relevant terms for our following discussion appear in the second row. Of

particular importance is the fermion mass and mixing Lagrangian

LΨ
mass = Tr

{
−

∑
f,f ′=T,t

mff ′

Ψ Ψ̄f
LΨf ′

R − fπ
∑

f,f ′=T,t
i

Y ff ′

i Ψ̄f
L · g

ff ′

i (Σ/fπ) ·Ψf ′

R (2.4)

− ytLfπ q̄L ∆t
LΨT

R − ytRfπ t̄R ∆t
RΨt

L

}
+ h.c. + (T → T , t→ τ, q → `) ,

where mff ′

Ψ are the vector-like masses (and mass mixings) of the fermion resonances and

the symbols Ψ̄f
L · g

ff ′

i (Σ/fπ) ·Ψf ′

R , i = 1, . . . , n denote all SO(5) invariant combinations that

can be formed out of the bilinear Ψ̄f
L Ψf ′

R and non-trivial functions of Σ as well as, possibly,

traces. The form of these Yukawa couplings in the strong sector, with coefficients Y ff ′

i ,

depends on the particular representation chosen for the composite fermions. Embedding

for example all fermionic resonances in fundamental representations of SO(5), as in the

MCHM5, we obtain

Ψ̄f
L · g

ff ′

1 (Σ/fπ) ·Ψf ′

R
MCHM5−−−−−→ Ψ̄f

L

ΣΣT

f2
π

Ψf ′

R (n = 1) , (2.5)

and the global trace becomes trivial.

At this point, some comments are in order. The Lagrangian (2.4) is constructed in

the most general way that respects the global SO(5) symmetry, up to linear mixing terms

of the SM-like fermions with the composite resonances, where the former transform under

SU(2)0
L×U(1)0

R and not SO(5). These elementary-composite mixings are parametrized by

yt,τL,R, where the coupling matrices ∆t,τ
L,R are fixed by gauge invariance under GEW, i.e., they

couple appropriate linear combinations of the components of the composite operators with

definite charges under the SM gauge group to the corresponding SM fields, see below. After

rotating to the mass basis only these bilinear terms induce masses for the SM-like fermions,

which now feature composite components proportional to yt,τL,R, realizing the concept of par-

tial compositeness [23, 24, 43]. The chiral fermion masses are finally proportional to these

mixings as well as to the Yukawa coupling in the strong sector, mediating the transition

between different components of the SO(5) multiplets, mt ∼ |ytL fπ/mTT
Ψ Y Tt

i v fπ/m
tt
Ψ y

t
R|,

and analogously for the lepton sector. Note that in the holographic 5D realization of this

setup (see section 3), only the off-diagonal Yukawa couplings Y Tt
i are non zero, while the

mass-mixing mtT
Ψ vanishes due to boundary conditions. The same is true in the correspond-

ing deconstructed 2-site models, like studied here, if one requires finiteness of the Higgs

potential [6, 44].

As mentioned, the Lagrangian contains two vector-like resonances ΨT,t (ΨT ,τ ) in each

sector, associated to the two chiralities of SM fermions. In the (broken) conformal field

theory picture, which turns out to be indeed dual to a 5D (GHU) picture [23, 45–49],

the linear-mixing parameters yt,τL,R just correspond to the anomalous dimensions of the

composite operators that excite the resonances that the SM-like fermions couple to [50–

53]. Following this line of reasoning, in general each elementary chiral fermion couples to

its own resonance (the Lagrangian described above can always be brought to such a basis).

– 7 –
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Note that if the qL and the tR mix with composites that belong to different representations

of SO(5), the vector-masses mixing those composites obviously vanish, mff ′

Ψ = 0 for f 6=
f ′. Moreover, we have neglected the allowed terms ∼ |ytL,R|fπ q̄L,R ∆t

L,R · gi(Σ/fπ) ·ΨT,t
R,L

in (2.4), which will deliver no new structure to the low energy theory we will be considering

further below. They would however be needed in general if both chiral fermions would mix

with the same single composite field. Finally, the Lagrangian above can straightforwardly

be generalized to the case of the SM fields mixing with more than one representation, each.

As we have explained, we do not consider the bR, since it is expected to deliver a

negligible contribution to the Higgs potential due to its small mixing with the composite

sector. Note in that context that large changes in the diagonal Higgs couplings of the (light)

fermions would generically also manifest themselves in large FCNCs [54]. Note also that, in

all models considered besides those mixing the right-handed sector with a 10 of SO(5), the

non-vanishing mass of the bottom quark would rely on an additional subleading mixing of

qL with an appropriate multiplet ΨB of the strong sector that features the correct X charge

to mix with the composite that couples with bR. This term ∝ ybL has also been neglected, as

it is again controlled by the rather small bottom mass - its smallness also helps to protect

the ZbLbL coupling which would receive unprotected corrections from this second mixing of

qL.5 A similar discussion holds for the neutrino sector, which in the case of Dirac neutrinos

is completely analogous. For Majorana neutrinos, yνR could be non negligible, it’s impact

on the Higgs potential is however suppressed by a very large scale. The τR on the other

hand is expected to exhibit a sizable composite component, as explained before, which can

have an impact on the Higgs potential and thus we include the τ sector.6

To be more explicit, we now specify explicitly the representation of SO(5) in which

the composite fermions are embedded. In the following we will start with the fundamental

representation 5 for concreteness, i.e., the MCHM5, however the discussion can easily be

generalized to larger representations, which will be considered in the course of our study.

Following the CCWZ approach [34, 35], we can write the Lagrangian (2.4) in terms of

representations of the unbroken global SO(4) symmetry, while keeping it SO(5) symmetric.

To that extend we decompose the 5 of SO(5) into components Q and T̃ that transform via

ĥ (see (2.2)) as a fourplet and a singlet under the unbroken SO(4) symmetry. Writing

ΨT = U(QT , T̃ T )T , Ψt = U(Qt, T̃ t)T ,

ΨT = U(LT , T̃ T )T , Ψτ = U(Lτ , T̃ τ )T ,
(2.6)

5Only in the 10 it is possible to mix both top and bottom sectors with composites with the same U(1)X
charge, due to the presence of several SU(2)L singlets with different T 3

R, resulting in different U(1)Y charges.

This allows to generate masses for both t and b from a composite sector with a single U(1)X charge, where

the left handed mixing is parametrized by a common term yL.
6Remember that in our approximation we also neglect the masses and Higgs couplings of the lighter SM

fermions. Those terms would analogously be induced via mixings with their heavy composite partners at

mΨ, however these are in general strongly suppressed with the small fermion masses and thus lead to a

negligible contribution to the Higgs potential. The full 4D Lagrangian would include the heavy fermionic

resonances sharing the flavor quantum numbers of the first two fermion generations. For a 4D setup

including a comprehensive description of fermion and gauge resonances see e.g. [6, 17].
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we arrive at

LMCHM5 ′
mass = −

∑
f,f ′=T,t

(
mff ′ Q̄

f
LQ

f ′

R + m̃ff ′
¯̃T fL T̃

f ′

R

)
− ytLfπ (q̄L∆t

L)I

(
UIiQ

T
R
i
+ UI5 T̃

T
R

)
− ytRfπ (t̄R∆t

R)I

(
UIiQ

t
L
i
+ UI5 T̃

t
L

)
+ h.c. (2.7)

+(t→ τ, T → T , q → `, Q→ L) ,

where I = 1, . . . , 5, i = 1, . . . , 4, and the composite-Yukawa parameters Y ff ′

1 have been

absorbed in the vector-like mass of the composite singlets m̃ff ′ ≡ mff ′

Ψ + Y ff ′

1 fπ, and

mff ′ = mff ′

Ψ .

We should note that while including both first layers of resonances, ΨT and Ψt, at

the first place was necessary to see how the 4D fields can be identified with different bulk

fields of AdS5 (CFT) constructions of the composite Higgs idea, it is now convenient to

remove the explicit appearance of one set of fields by going to a further effective low energy

description, where now their effect is kept via new interactions. By integrating out QT

and T̃ t we arrive at a theory that can in particular be matched directly to the 5D theory

examined quantitatively in section 3 (to leading approximation). The setup then describes

one-to-one just those modes that are most relevant for the generation of the Higgs potential

and the SM-like fermion masses.7 In this way, all the fields that we keep correspond in

particular to light custodians.

We thus finally arrive at the leading mass-mixing Lagrangian

LMCHM5
mass = −m̂T Q̄LQR − m̃T

¯̃TLT̃R − ytLfπ (q̄L∆t
L)I

(
atLUIiQ

i
R + btLUI5T̃R

)
− ytRfπ (t̄R∆t

R)I

(
atRUIiQ

i
L + btRUI5T̃L

)
+ h.c.

+ (t→ τ, T → T , q → `, Q→ L) ,

(2.8)

in agreement with [7], where we have removed the superscripts on Qt and T̃ T , while m̂T ≡
mtt, m̃T ≡ m̃TT , and atL ≡ mTt/mTT b

t
L arises from integrating out QT at zero momentum,

which leads to a linear interaction between qL and QR via the term ∼ mTt in (2.7). The

O(1) coefficient btL (atR) has been introduced for convenience [7] by rescaling ytL (ytR).

Analogously, from integrating out T̃ t one obtains btR ≡ (m̃Tt/m̃tt)
∗ atR. Actually, in this

discussion we neglect subleading terms in ratios like mff ′/mff , assuming implicitly that

the mass-mixings within the resonances are smaller than the diagonal mass terms. While

this might be lifted in some regions of parameter space (like for large brane masses in

section 3), the qualitative picture will not be changed by neglecting such terms here for

simplicity. Note that in the following we will always work in a basis where the diagonal

mass terms as well as the linear mixing parameters ytL,R are real and positive.

While the Lagrangian (2.8) can be directly mapped to a 5D theory, it in particular

also provides a simple and viable complete 4D model itself, employing just one composite

vector-like resonance from the beginning [7, 17]. Adding the extra term ∼ g1(Σ/fπ) ∼ ΣΣT ,

7In the 5D theory the SM-like fields qL, tR will not mix with the resonances corresponding to QT and

T̃ t at leading order, see section 3.
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mentioned above, to the linear mixing in (2.4) (as well as setting T = t and removing the

sum over the different composite excitations) one also obtains (2.8) without two distinct

vector-like composite fields, however the connection to the 5D setup is then not trans-

parent anymore. As mentioned before, we neglect the additional four similar terms with

t → b , T → B ,Q → Qb, which are generically negligible for the Higgs potential. The

Lagrangian (2.8) will be the starting point for our analysis.

From invariance under GEW one obtains for the fundamental representation of SO(5)

∆t
L =

1√
2

(
0 0 1 −i 0

1 i 0 0 0

)
, ∆f

R = −i
(

0 0 0 0 1
)
,

∆τ
L =

1√
2

(
1 −i 0 0 0

0 0 1 i 0

)
,

(2.9)

f = t, τ . The difference between the top-quark and τ -lepton sectors arises since the cor-

responding SM-like doublets mix with different T 3
R components of the SU(2)L × SU(2)R

bi-doublets QT , LT , respectively. This is dictated by the quantum numbers of the SM

fermions, which fix the U(1)X charges of the composites to Xt = 2/3 and Xτ = −1,

for ΨT,t and ΨT ,τ . Note that the setup includes a protection for the Zb̄LbL and Zτ̄RτR
couplings via a custodial PLR symmetry exchanging SU(2)L ↔ SU(2)R [37].

To zeroth order in v/f , i.e., neglecting EWSB, the Goldstone Matrix

U ∼ 15×5 +O(v/fπ,Π) (2.10)

only mediates mixings of the SM doublet qL with QR as well as of tR with T̃L. Beyond

that, the exact relative strength of the interactions of the SM fields with the fourplet and

the singlet of SO(4) are not fixed by symmetry so far but rather parametrized by the

ratios of O(1) numbers atL,R/b
t
L,R. In the same approximation, one obtains simple analytic

formulas for the masses of the heavy resonances after diagonalizing the fermionic mass

matrix. Employing, with some abuse of notation, the same names for the mass eigenstates

as for the interaction eigenstates (which coincide in the limit yL,R → 0) one obtains for the

masses of the physical heavy resonances

mT '
√

(m̂T )2 + |atL|2yt 2
L f2

π , mT̃ '
√

(m̃T )2 + |btR|2yt 2
R f2

π . (2.11)

Expanding to the first non-trivial order in v/fπ one arrives similarly at the top-quark

mass

mt =
|atLatRm̃T − btLbtRm̂T |

2
√

2
sinϕtL sinϕtR sin (2v/fπ) , (2.12)

where the rotation angles

sinϕtL =
ytLfπ
mT

, sinϕtR =
ytRfπ
mT̃

, (2.13)

describe the admixture of the composite modes into the light SM-like top quark. Inspecting

these equations, one can thus see explicitly the mechanism of partial compositeness at
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work - the mass of a SM-like fermion is proportional to its mixings sinϕtL,R with the strong

sector. Since after EWSB this mixing involves fields with different quantum numbers under

GSM, it is a source of tree-level FCNCs via non-universal gauge interactions in the flavor

basis. This mechanism nicely matches with the experimental observation that FCNCs

are more constrained for the light generations. Note that the same discussion as above

holds for leptons with the aforementioned replacements of indices. Finally, employing

atL ∼ atR ∼ btL ∼ btR ∼ 1, we obtain to leading approximation

mt ∼
ytLy

t
Rfπ√

2 min(mT ,mT̃ )
v . (2.14)

2.2 The Higgs potential and light partners

While the Higgs potential V (Π) is zero at tree level, it receives non-vanishing contributions

at one loop from the explicit breaking of SO(5), as discussed before. Since the gauge boson

contributions are subleading (being proportional to the weak gauge coupling) with no qual-

itative effect on the mechanism of EWSB and in particular do not contribute significantly

to the Higgs mass, we will neglect them for the discussion of this section. We will however

take into account their full numerical impact, including the heavy resonances, in section 3.

Making use of symmetry arguments, we can already deduce the form of the potential

directly from the mass-mixing Lagrangian, i.e., (2.8) for the MCHM5. To that extent, we

restore the approximate SO(5) global symmetry formally by promoting the coupling matri-

ces ∆f
L,R to spurions ∆̂f

L,R, transforming under the global SO(5) of the strong sector in the

same way the corresponding resonances do. If the ∆̂f
L,R transform in addition appropriately

under the elementary symmetry group SU(2)0
L × U(1)0

R of the q, t, l, τ fermions, also the

linear mixings are invariant under the full global symmetry of the rest of the Lagrangian.

As a consequence, also the Higgs potential needs to formally respect the SO(5) symmetry

(and the elementary symmetry), which should then be broken by the vevs of the spurions

〈∆̂f
L,R〉 = ∆f

L,R in order to generate a non-trivial potential. Thus the form of the Higgs

potential can be constructed by forming all possible invariants under the full global sym-

metry, containing at least one spurion ∆f
L,R, set to its vev, and the Goldstone-Higgs matrix

U . As the spurions are always accompanied by the linear mixing parameters yfL,R, taking

the role of an expansion parameter, a series in powers of the spurions can be established.

In order for the elementary SU(2)0
L × U(1)0

R symmetry to be respected, the spurions can

only enter in the combinations ∆f
L

†
∆f
L and ∆f

R

†
∆f
R. In the following we will first focus on

the quark sector, whereas the impact of leptons will be analyzed in the next subsection.

MCHM5. For the discussed case of qL, tR both mixing with a 5 of SO(5), the form of

the potential at O(∆2) is thus fixed to

V
(5)

2 (h) =
Ncm

4
Ψ

16π2

[
yt 2
L

g2
Ψ

ctL v
(5)
L (h) +

yt 2
R

g2
Ψ

ctR v
(5)
R (h)

]
, (2.15)

where the prefactors follow from naive dimensional analysis and the fact that the considered

fermions enter in Nc = 3 colors. The concrete values for the coefficients cL,R, which are
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generically of O(1), need to be determined from an explicit calculation and cannot be fixed

by symmetries alone. Nevertheless, the SO(5) symmetry already tells us that the Higgs

field can only enter in two structures at this order

v
(5)
L (h) =

(
UT∆t

L
†
∆t
LU
)

55
=

1

2
sin2(h/fπ) ,

v
(5)
R (h) =

(
UT∆t

R
†
∆t
RU
)

55
= cos2(h/fπ) = 1− sin2(h/fπ) ,

(2.16)

where we have employed (2.9) and the explicit form of the Goldstone matrix as given in ap-

pendix A. We inspect that, since the constant term in the second line can be neglected in the

Higgs potential, only one functional dependence on the Higgs field is present. The combina-

tions of spurions exhibit a block-diagonal structure and do not mix the fifth component of

UI5 = Σ/fπ with the other four components. In consequence (dropping a constant), we get

V
(5)

2 (h) ∼=
Ncm

4
Ψ

16π2g2
ψ

[
ctL
yt 2
L

2
− ctR yt 2

R

]
sin2(h/fπ) . (2.17)

This leading contribution to the potential does however not yet lead to a viable phe-

nomenology. Its minimum is realized for h = 0, fπ
π
2 , . . . , which means that we can not

have a realistic symmetry breaking with 0 < v < fπ. To fix this problem we need to take

into account formally subleading contributions [6, 7, 9]. While no new independent SO(5)

invariant structures appear at O(∆4), one can have products of the structures (2.16) which

lead to a different trigonometric dependence on h,

V
(5)

4 (h) =
Ncm

4
Ψ

16π2

[
yt 4
L

g4
Ψ

ctLL [v
(5)
L (h)]2 +

yt 4
R

g4
Ψ

ctRR [v
(5)
R (h)]2 +

yt 2
L y

t 2
R

g4
Ψ

ctLR v
(5)
L (h) v

(5)
R (h)

]
∼=

Ncm
4
Ψ

16π2g4
Ψ

[(
ctLL

yt 4
L

4
− ctRRyt 4

R

)
sin2(h/fπ) (2.18)

−
(
ctLL

yt 4
L

4
+ ctRRy

t 4
R − ctLR

yt 2
L y

t 2
R

2

)
sin2(h/fπ) cos2(h/fπ)

]
.

However, since usually the elementary-composite mixings are significantly smaller than the

strong coupling (see (2.12)), ytL,R � gΨ, the fact that V
(5)

4 (h) needs to have a comparable

impact to V
(5)

2 (h) worsens the tuning of the model.8

In particular, defining generally

V (h) = V2(h) + V4(h) ≡ α sin2(h/fπ)− β sin2(h/fπ) cos2(h/fπ) , (2.19)

we naturally obtain α ∼ yt 2
L,R/g

2
Ψ and β ∼ yt 2

L,Ry
t 2
L,R/g

4
Ψ in the MCHM5. In order to allow

for a viable EWSB, the leading contribution to α, originating from V
(5)

2 (h), needs to feature

a tuning within its contributions that brings it from its natural size of O(yt 2
L,R/g

2
Ψ) down

to O(yt 4
L,R/g

4
Ψ).9 Explicitly, the (non-trivial) minimum of the potential (2.19) occurs at

sin2(h/fπ) =
β − α

2β
, (2.20)

8Note that we indeed consider a strongly coupled new physics sector, gΨ � 1. Leaving this class of

models, the considerations regarding the tuning could be altered.

9From (2.17) we see that for the MCHM5 realistic EWSB thus requires ctL y
t 2
L = 2ctR y

t 2
R (1 +O(

y2
L,R

g2
Ψ

)).

In consequence we will denote yt ≡ ytR ∼ ytL.
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which requires α− β to be as small as

α− β = −2β sin2(v/fπ) (2.21)

in order to allow for the sought solution. Comparing this required size to its natural size

of α− β ∼ y2
t /g

2
Ψ , we obtain the famous “double tuning” [7]

∆−1
(5) ∼

y4
t /g

4
Ψ sin2(v/fπ)

y2
t /g

2
Ψ

=
y2
t

g2
Ψ

sin2(v/fπ) , (2.22)

i.e., the coefficients entering V (h) need not only to cancel to ∼ sin2(v/fπ)y2
t /g

2
Ψ � y2

t /g
2
Ψ

(the standard tuning due to v � f), but in the MCHM5 another tuning in the contributions

to V2 is required to make it also one order smaller in y2
t /g

2
Ψ.

Moreover we observe that

m2
H =

8

f2
π

cos2(v/fπ) sin2(v/fπ)β

MCHM5= f2
π

Nc

2π2

(
ctLL
4
yt 4
L −

ctLR
2
yt 2
L y

t 2
R + ctRRy

t 4
R

)
cos2(v/fπ) sin2(v/fπ) ,

(2.23)

and thus

m
(5)
H ∼

√
3

2π2
y2
t v . (2.24)

Comparing this with (2.14), one obtains the relation [7]

m
(5)
H ∼

√
3

π

min(mT ,mT̃ )

fπ
mt . (2.25)

From this we can see explicitly that generically m
(5)
H & mt. Finally, we also can read

off directly that a light Higgs boson, as found at the LHC, requires light partners in the

MCHM5, min(mT ,mT̃ ) � mΨ. For example for fπ = 500 GeV as well as mH . 110 GeV

(see section 3.2.1) and mt ∼ 150 GeV we obtain

min(mT ,mT̃ ) . 650 GeV , (2.26)

which is already in slight conflict with LHC searches [55]. In contrast, the general scale of

fermionic resonances would only be at mΨ ∼ 2 TeV (assuming gΨ ∼ 4). For fπ = 800 GeV

this becomes still only min(mT ,mT̃ ) . 1 TeV, while the rest of the resonances clearly leave

the LHC reach, mΨ > 3 TeV. These findings will be confirmed for explicit 5D realizations

of the composite Higgs framework in section 3. Raising fπ even further is problematic in

the context of addressing the fine tuning problem, since the tuning increases quadratically

with fπ.

In the following we will first review how the requirement for light partners and/or

the double tuning could be changed by enlarging the embedding of the quark sector of

the composite models. We will then show that, compared to modifications of the quark

realizations, taking into account the effects from realistic embeddings of the lepton sector
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allows to significantly raise the masses of the top partners in a more natural way, i.e., avoid-

ing a significant ad-hoc increase in the complexity of the model with respect to minimal

realizations. We will also see that considering the lepton sector opens the possibility to

avoid the ad-hoc tuning which generically emerges by modifying the quark embeddings in

a way that avoids light partners.

MCHM10. Let us start by mixing the fermions with 10s of SO(5), i.e., the MCHM10.

The decomposition into representations of SO(4) ∼= SU(2)L × SU(2)R now follows 10 =

(3,1)⊕ (1,3)⊕ (2,2) and reads explicitly

ΨT = U [ (T T(3,1), T
T
(1,3), Q

T )A TA]UT , Ψt = U [ (T t(3,1), T
t
(1,3), Q

t)A TA]UT ,

ΨT = U [ (T T(3,1), T
T
(1,3), Q

T )A TA]UT , Ψτ = U [ (T τ(3,1), T
τ
(1,3), Q

τ )A TA]UT ,
(2.27)

where the SU(2)L (SU(2)R) triplet is represented by a three-component vector T(3,1) (T(1,3)),

while the bi-doublet Q has four entries, such that A = 1, . . . , 10, and the generators TA are

defined in appendix A. The abelian charges read again Xt = 2/3 and Xτ = −1, for ΨT,t

and ΨT ,τ , in order to protect the Zb̄LbL and Zτ̄RτR vertices. In complete analogy to as

discussed for the MCHM5, the Higgs potential can be studied to leading approximation by

considering an effective theory containing only the composite resonances Qt, T T(1,3), T
T
(3,1),

while the other modes will be integrated out.10

Thus, in analogy to (2.8), we finally obtain the mass-mixing Lagrangian

LMCHM10
mass = −m̂T Q̄LQR − m̃T

(
T̄(3,1)L T(3,1)R + T̄(1,3)L T(1,3)R

)
− ytLfπ Tr

{
(q̄L∆t

L)U
(
atLQ

â
RT

â + btLT
a
(1,3)R

T aR + btLT
a
(3,1)R

T aL

)
UT
}

− ytRfπ Tr
{

(t̄R∆t
R)U

(
atRQ

â
LT

â + btRT
a
(1,3)L

T aR + btRT
a
(3,1)L

T aL

)
UT
}

+ h.c.

+(t→ τ, T → T , q → `, Q→ L) , (2.28)

where we removed the superscripts on Qt, T T(1,3), T
T
(3,1), while m̂T ≡ mtt

Ψ+Y tt
1 /2, m̃T ≡ mTT

Ψ ,

and â = 1, . . . , 4, a = 1, . . . , 3. The coefficients atL ≡ (mTt
Ψ +Y Tt

1 /2)/(mTT
Ψ +Y TT

1 /2) btL and

btR ≡ (mTt
Ψ /mtt

Ψ)∗ atR now arise from integrating out QT , T t(1,3), T
t
(3,1) at zero momentum,

where btL (atR) has again been introduced for convenience by rescaling ytL (ytR).

The spurions that restore the SO(5) symmetry now also transform in adjoint repre-

sentations and take the vevs

(∆t
L)α =

1√
2

(
0 0 0 0 0 0 0 0 1 −i
0 0 0 0 0 0 1 i 0 0

)
αA

TA , (∆f
R) =

(
0 0 0 0 0 1 0 0 0 0

)
A
TA ,

(∆τ
L)α =

1√
2

(
0 0 0 0 0 0 1 −i 0 0

0 0 0 0 0 0 0 0 1 i

)
αA

, (2.29)

where α = 1, 2 are SU(2)L indices.

10Again, they do not couple at leading order to the light SM-like modes in the 5D picture and the resulting

setup corresponds to a viable complete 4D model involving a single 10 of SO(5).
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In complete analogy to the case of the MCHM5, the spurion analysis leads to the quark

contribution

V
(10)

2 (h) =
Ncm

4
Ψ

16π2

[
yq 2
L

g2
Ψ

cqL v
(10)
L (h) +

yt 2
R

g2
Ψ

ctR v
(10)
R (h)

]
, (2.30)

where now

v
(10)
L (h) =

(
UT (∆q

L
†
)α(∆q

L)αU
)

55
=

1

2
− 3

8
sin2(h/fπ) ,

v
(10)
R (h) =

(
UT∆t

R
†
∆t
R U

)
55

=
1

4
sin2(h/fπ) .

(2.31)

With some abuse of notation we do not introduce new names for the other parameters,

which can deviate from the case of the MCHM5. As in the MCHM5, due to the block-

diagonal form of both combinations of spurions, there is again only one trigonometric

dependence on the Higgs field at second order in the spurions. We obtain

V
(10)

2 (h) ∼=
Ncm

4
Ψ

16π2g2
ψ

[
−3

8
cqLy

q 2
L +

1

4
ctR y

t 2
R

]
sin2(h/fπ) . (2.32)

Once more, formally subleading contributions to the potential are essential for a viable

electroweak symmetry breaking, while the above terms need to cancel at O(
y2
L,R

g2
Ψ

).11

At O(∆4), new non-trivial SO(5) invariant structures

v
(10)
LL (k) ∼ ((∆L)αij)

4 (Um5)2,4

v
(10)
LR (k) ∼ ((∆L)αij)

2((∆R)kl)
2 (Um5)2,4

v
(10)
RR (k) ∼ ((∆R)ij)

4 (Um5)2,4

(2.33)

can be formed in the MCHM10, by contracting the matrix-indices of the spurions and

Goldstone matrices in various different ways.12 In the end however, as for the MCHM5,

only the trigonometric functions sin2(h/fπ) and sin2(h/fπ) cos2(h/fπ) emerge,

V
(10)

4 (h) =
Ncm

4
Ψ

16π2

∑
k

[
yq 4
L

g4
Ψ

c
q (k)
LL v

(10)
LL (k) +

yt 4
R

g4
Ψ

c
t (k)
RR v

(10)
RR (k) +

yq 2
L yt 2

R

g4
Ψ

c
q (k)
LR v

(10)
LR (k)

]
∼=

Ncm
4
Ψ

16π2g4
Ψ

[(
cqLLy

q 4
L + ctRRy

t 4
R + cqLRy

q 2
L yt 2

R

)
sin2(h/fπ)

+
(
c′qLLy

q 4
L + c′tRRy

t 4
R + c′qLRy

q 2
L yt 2

R

)
sin2(h/fπ) cos2(h/fπ)

]
,

(2.34)

where c
(′)f
LL,RR,LR are generically O(1) coefficients emerging as linear combinations of the

coefficients c
f (k)
LL,RR,LR of the different SO(5) invariant structures v

(10)
LL,RR,LR (k). As a conse-

quence of the above discussion, the tuning is clearly of the same order as in the MCHM5

∆−1
(10) ∼ ∆−1

(5) ∼
y2
t

g2
Ψ

sin2(v/fπ) , (2.35)

and again the small Higgs mass suggests light partners.

11Specifically, one needs 3
2
cqL y

q 2
L = ctR y

t 2
R (1 +O(

y2
L,R

g2
Ψ

)) and thus again ytR ∼ yqL.
12Note that in SO(5) invariant combinations the Goldstone matrices only enter as Ur5 and vanish to the

identity as UTU = 1 in other possible contractions of indices.
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MCHM10−5, MCHM5−10. Mixing the left chirality with a 10 and the right with a 5

(denoted by the first and second subscript on MCHM, respectively), like ΨT ∼ 10, Ψt ∼ 5

in (2.4), or vice versa, does not change the picture qualitatively. It just corresponds to

replacing only one of the v
(5)
A in (2.15) with a v

(10)
A , A = L,R. Since we found that both

feature the same trigonometric dependence, this leads to the same conclusions, up to O(1)

factors. Moreover, it is evident from the discussion above that one can not mix the tR with

a singlet of SO(5) only - not contributing to V (h) - if one wants to achieve a realistic EWSB,

given that the left handed top mixes with either a 5 or a 10. We conclude that at least

one chirality needs to mix with a more complex composite fermion realization than a single

fundamental or adjoint if we want to see qualitatively new features in the quark sector.

MCHM14. If we embed the fermions in the symmetric representation, a 14 of SO(5),

new features emerge. We start with assigning both SM chiralities to a 14 of the strong

sector, however as we will detail below, the generic features will remain if only one of them

mixes with a symmetric representation.

The decomposition into SU(2)L × SU(2)R representations via

14 = (3,3)⊕ (2,2)⊕ (1,1) now reads

ΨT = U [ (T T(3,3), Q
T , T̃ T )A T̂A]UT , Ψt = U [ (T t(3,3), Q

t, T̃ t)A T̂A]UT ,

ΨT = U [ (T T(3,3), Q
T , T̃ T )A T̂A]UT , Ψτ = U [ (T τ(3,3), Q

τ , T̃ τ )A T̂A]UT ,
(2.36)

where the SU(2)L × SU(2)R bi-triplet is represented by the nine-component vector T(3,3),

while the bi-doublet is again denoted by Q and the singlet by T̃ , such that now A =

1, . . . , 14, see appendix A for the definition of T̂A. The abelian charges read once more

Xt = 2/3 and Xτ = −1, for ΨT,t and ΨT ,τ , respectively, protecting still Zb̄LbL and Zτ̄RτR.

Again, the Higgs potential can be studied conveniently to leading approximation after

integrating out QT , T̃ t, T t(3,3), leading again to a viable 4D model of effectively only one

composite resonance.13

Thus, again in analogy to (2.8), we obtain the final mass-mixing Lagrangian

LMCHM14
mass = −m̂T Q̄LQR − m̃T

¯̃TLT̃R −m(3,3)T̄(3,3)LT(3,3)R

− ytLfπ Tr
{

(q̄L∆t
L)U

(
atLQ

â
RT̂

â+9 + btLT̃R T̂
14 + btLT

β
(3,3)R

T̂ β
)
UT
}

− ytRfπ Tr
{

(t̄R∆t
R)U

(
atRQ

â
LT̂

â+9 + btRT̃L T̂
14 + ctRT

β
(3,3)L

T̂ β
)
UT
}

+ h.c.

+(t→ τ, T → T , q → `, Q→ L) , (2.37)

where we removed the superscripts on Qt, T̃ T , T T(3,3), while m̂T ≡ mtt
Ψ + Y tt

1 /2, m̃T ≡
mTT

Ψ + 4Y TT
1 /5 + 4Y TT

2 /5, m(3,3) ≡ mTT
Ψ , and â = 1, . . . , 4, β = 1, . . . , 9. The coefficients

atL ≡ (mTt
Ψ +Y Tt

1 /2)/(mTT
Ψ +Y TT

1 /2) btL, btR ≡ ((mTt
Ψ + 4Y Tt

1 /5 + 4Y Tt
2 /5)/(mtt

Ψ + 4Y tt
1 /5 +

4Y tt
2 /5))∗ atR and ctR ≡ (mTt

Ψ /mtt
Ψ)∗ atR now arise from integrating out QT , T̃ t, T t(3,3) at zero

momentum, where btL (atR) has again been introduced for convenience by rescaling ytL (ytR).

13Also in the 14, these modes do not couple at leading order to the light SM-like fields in the 5D picture.
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The spurions that restore the SO(5) symmetry now transform in symmetric represen-

tations of SO(5) and acquire the vevs

(∆t
L)α =

1√
2

(
0 0 0 0 0 0 0 0 0 0 0 1 −i 0

0 0 0 0 0 0 0 0 0 1 i 0 0 0

)
αA

T̂A ,

(∆τ
L)α =

1√
2

(
0 0 0 0 0 0 0 0 0 1 −i 0 0 0

0 0 0 0 0 0 0 0 0 0 0 1 i 0

)
αA

T̂A ,

(∆f
R) =

(
0 0 0 0 0 0 0 0 0 0 0 0 0 i

)
A
T̂A ,

(2.38)

where α = 1, 2 are SU(2)L indices.

In contrast to the MCHM5 and MCHM10, the spurion analysis shows that now already

at O(∆2) two different trigonometric structures arise, which has interesting consequences

for the quark [10] and in particular the lepton sector. Focusing first on the former, we find

V
(14)

2 (h) =
Ncm

4
Ψ

16π2

[
yt 2
L

g2
Ψ

(c
t (1)
L v

(14)
L (1) + c

t (2)
L v

(14)
L (2)) +

yt 2
R

g2
Ψ

(c
t (1)
R v

(14)
R (1) + c

t (2)
R v

(14)
R (2))

]
, (2.39)

where now

v
(14)
L (1) =

(
UT (∆t

L
†
)α(∆t

L)αU
)

55
= 1− 3

4
sin2(h/fπ)

v
(14)
L (2) =

(
UT (∆t

L
†
)α U

)
55

(
UT (∆t

L)αU
)

55
= cos2(h/fπ) sin2(h/fπ)

v
(14)
R (1) =

(
UT∆t

R
†
∆t
R U

)
55

=
4

5
− 3

4
sin2(h/fπ)

v
(14)
R (2) =

(
UT∆t

R
†
U
)

55

(
UT∆t

R U
)

55
=

4

5
− 1

4
(3 + 5 cos2(h/fπ)) sin2(h/fπ) .

(2.40)

The symmetric representation has the crucial feature that the combinations of the type(
UT∆U

)
55

, which vanished before, now deliver a finite result. On the one hand, these

allow to mix U5i, i = 1, . . . , 4 ∼ sin(h/fπ) with U55 ∼ cos(h/fπ) via a single insertion of

(∆t
L)α, delivering directly the new (sin(h/fπ) cos(h/fπ))2 invariant, on the other hand they

provide single trigonometric functions to the fourth power via only two insertions of ∆t
R,

resulting in contributions to the same invariant.

As a consequence, we have

V
(14)

2 (h) ∼=
Ncm

4
Ψ

16π2g2
ψ

[
−3

4
(c
t (1)
L yt 2

L + (c
t (1)
R + c

t (2)
R )yt 2

R )

]
sin2(h/fπ)

−
Ncm

4
Ψ

16π2g2
ψ

[
−ct (2)

L yt 2
L +

5

4
c
t (2)
R y tR

]
sin2(h/fπ) cos2(h/fπ)

(2.41)

and thus can accommodate a realistic EWSB just with V
(14)

2 (h) - in principle without an

additional tuning. The coefficients α and β (see (2.19)) are both generated at O(∆2) and

so are generically of the same order. In consequence (2.21) can be solved in a nontrivial

way without relying on formally subleading contributions and in particular for various
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hierarchies between ytL and ytR, keeping still c
t (1),(2)
L,R ∼ O(1).14 Since we do not anymore

need to artificially cancel one order in yt 2
L,R/g

2
Ψ in α, the formal tuning in EWSB is reduced

to the minimal amount of

∆−1
(14) ∼ sin2(v/fπ) . (2.42)

In contrast to the MCHM5,10, O(1) changes in the parameters on the left hand side of (2.21)

induce only moderately large changes in v/fπ, while the space of viable solutions is not

directly left.

For the Higgs mass we obtain (see (2.23))

m2
H

MCHM14= m2
Ψ

Nc

2π2

(
−ct (2)

L yt 2
L +

5

4
c
t (2)
R yt 2

R

)
cos2(v/fπ) sin2(v/fπ) , (2.43)

and thus in general

m
(14)
H ∼

√
3

2π2

√∣∣∣∣54yt 2
R − yt 2

L

∣∣∣∣mΨ

fπ
v ∼ mΨ

fπ
v , (2.44)

where the last similarity holds if at least one of the ytL,R ∼ O(1), as expected due to the

large mt, and no unnatural cancellation is happening. We observe that the Higgs boson is

in general significantly heavier than the electroweak scale in this model. In particular, it

is heavier by a factor of ∼ mΨ/fπ = gΨ with respect to the MCHM5 and the MCHM10,

see (2.24). Remember that mΨ is the generic scale of the (heavy) fermionic resonances

and in general not the one of the potentially light partners. Finally, in the MCHM14 light

partners can not help to reduce mH up to the experimental value, since even such partners

can not allow ytL,R to become very much smaller than one - then the top mass could not

be reproduced any longer. The general scale (2.44) is just too large [10].

In the end, while in the MCHM5,10 (in the MCHM5,10 with light top partners) the Higgs

is naturally expected to reside at (slightly below) the electroweak scale, mH ∼ v (mH < v),

in the MCHM14 as discussed above a significant ad hoc tuning of in general unrelated

parameters in (2.43) is needed in order to push the Higgs mass to mH . v. Note in

particular that while EWSB is a necessary condition for the universe being able to host

human beings, a heavier Higgs scenario could in principle be as viable as the light-Higgs one,

which justifies to consider the tuning in the MCHM14 really as ad hoc, in comparison with

the one in the MCHM5,10. Although, due to the particular numerical value of the Higgs

mass, in the end the total tuning in both classes of models turns out to be not too different

(see section 3), for the MCHM14 a light Higgs boson as found seems more unnatural.15

On the other hand, as we will see in particular in the numerical analysis, in the

MCHM14 one has indeed enough freedom to tune the parameters such as to accommodate

a light Higgs mass without necessarily light top partners. This tuning also does not need

to spoil the power counting in y2/g2
Ψ. In that context, remember that the other option

14The latter fact will be interesting for constructing minimal models featuring a 14, since essentially only

one chirality is needed for a viable EWSB, see below.
15Note also that the tuning in the MCHM14 has to be present both in β and α and that light partners

can only reduce it marginally by allowing for somewhat smaller ytL,R.
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of realizing a light Higgs with the help of light top partners in the MCHM5,10 is already

under pressure from LHC searches and could be excluded soon. As a consequence, taking

only into account the quark sector, involving a 14 with a relatively “unnatural” light Higgs

with respect to its actual scale, might be the last option for the composite Higgs to hide.

We will now survey the most economical realizations of that idea.

MCHM14−X, MCHMX−14. Already if only one SM-quark chirality mixes with a 14

of SO(5) and the other with any of the representations, the main qualitative features

discussed above remain valid. The same remains true if the SM quarks mix with more

than one representation at the same time, adding more Ψ fields to (2.4), as long as

one 14 is present (with a sizable composite component). Only the numerical O(1)

coefficients in front of the linear mixing parameters ytL,R in (2.41) will change (with

potentially the contribution of one chirality vanishing or additional mixings entering),

while necessarily still both trigonometric structures will emerge at leading order in the

spurions, thus avoiding the double tuning. In particular, the expression for the Higgs mass

(see (2.43), (2.44)) will remain as a dominant term, due to the unsuppressed contribution

of the 14 to β - so at least the requirement of some ad-hoc tuning remains. Mixings with

other representations can have an impact on the final numerical value of the Higgs mass

(after ad hoc tuning), however do not change the general picture.

In particular, the most minimal quark model avoiding the necessary presence of light

top partners becomes evident, the MCHM14−1, i.e., the tL mixing with a 14 and the tR
with a singlet [9, 10, 56], see also section 3. Note that only if a 14L is involved, guaranteeing

EWSB by itself, it is possible to mix the tR with a singlet of SO(5), thus not contributing

to the breaking of SO(5). Now, eqs. (2.41)–(2.44) remain valid in the limit where the

contributions ∼ ytR are set to zero. Let us finish this subsection with adding up the degrees

of freedom (dof) in the complete composite-fermion particle spectrum of this minimal model

avoiding the presence of light fermion partners, in units of dirac fermions (neglecting color

so far). Taking into account the bottom sector in the most minimal way (5bL + 1bR) as

well as the most minimalistic lepton embedding (5τL + 1τR + 5νL + 1νR), we arrive at a

total number of (14 + 1 + 5 + 1)q + (5 + 1 + 5 + 1)l = 21q + 12l = 33 particles.16

In the following subsection we will introduce a new class of models to avoid the presence

of ultra-light fermionic partners, allowing on the one hand side to avoid the ad hoc tuning,

while on the other hand they can even even increase the naturalness of the assumptions,

the minimality, and in particular the predictivity with respect to this setup. We are lead

to these models by considering for the first time the impact of a realistic lepton sector on

the Higgs potential, making use of the formulae presented in this subsection.

2.3 The impact of the leptonic sector

Since leptons are present in nature, they need to be included into the composite Higgs

framework. Naively, due to their small masses, one might expect the impact of leptons on

the Higgs potential to be small. However, as explained before and as is well known, from

16Note that in general the most minimal embedding of the quark sector, neglecting a potential impact of

leptons on V (h), is 5tL + 5tR + 5bL + 1bR or 10qL + 5tR + 1bR with 16 dof, compared to the 21 above.
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the flavor structure in the lepton sector there is compelling motivation to assume the τR
to be rather composite and thus coupled more significantly to the Higgs than suggested by

the small mass of the τ .

Beyond that, as we will show more explicitly in section 3.1.4, already the tiny neutrino

masses provide a motivation for an enhanced compositeness in the whole right-handed

lepton sector. The seesaw mechanism can be elegantly embedded in the composite

framework, via a large Majorana mass in the elementary sector. Since in such models

the natural value for this mass is however the Planck scale [12, 57–60], the right-handed

neutrinos should feature a non-negligible composite component that reduces their coupling

to the Majorana-mass term by several orders of magnitude and thus should have a rather

large yνR. As we will show, in very minimal setups for the lepton sector this is mirrored to

a sizable y`R for the charged leptons.

In particular this is the case for the model that we will advocate and examine in more

detail in section 3.1.4, where the complete SM lepton sector will only mix with a single

5L+ 14R (for each generation). While the left-handed doublet will couple to a minimal

5, right-handed neutrinos as well as charged leptons will mix with the same 14, realizing

a type-III seesaw mechanism in the most minimal way that allows for a protection of the

ZτRτR couplings. Moreover, this model features the least number of parameters possible

for a realistic embedding of the lepton sector in general.

In the following we will give a comprehensive overview of the impact of possible real-

izations of the full fermion sector on the Higgs potential, the tuning, and the emergence

of light partners, always assuming the τR to feature a non-negligible compositeness. We

will again focus on the third generation for simplicity, while we will comment on the other

generations relevant for the type-III seesaw model later.

MCHM
Z−{5,10,1}
X−Y . We start with the option of mixing the right handed τ lepton with

either a fundamental, an adjoint, or a singlet representation of SO(5), as denoted by

{5, 10, 1}, where here and in the following the lepton representations are always given by

superscripts. The left handed leptons as well as quarks are on the other hand allowed to

mix with any of the representations considered.17 In that case the τR contributions to α

and β in (2.19), denoted as ατ , βτ , arise at most at the same order in yτ,tL,R/gΨ as the top

contribution. Now we need to note that the lepton contribution at a certain order is in

general considerably smaller than the quark contribution. It adds a similar term to V2(h)

as given in (2.17) or in (2.32), with however

Nc → 1 , yt,qL → 0 , t→ τ (2.45)

(as well as to V4(h) with the same replacements in (2.18) and (2.34)). First of all, this is not

Nc enhanced. Beyond that, the c
τ (... )
R (RR), comprising of mass-related quantities aτL, b

τ
R, etc.

17Remember that both the right-handed bottom quark and neutrino are not important for the Higgs

potential and will thus not be considered explicitly. We will nevertheless keep them in mind for the complete

setup of the model, where we will include right handed neutrinos with the neutrino masses originating either

from a (type I or III) seesaw mechanism or from a pure Dirac mass. The contribution of the left handed

leptons will also always be negligible, due to their small compositeness.
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(see (2.12), with (t, T ) → (τ, T )), are in general somewhat smaller than c
t (... )
R (RR) in viable

lepton models, see section 3. As a consequence the impact of the lepton sector on the Higgs

mass via βτ is directly negligible to good approximation. Regarding the condition from

EWSB (2.21), the lepton contribution ατ is also significantly suppressed with respect to

the quark contribution in general. Only after αt has been tuned to be of the order of βt to

guarantee EWSB, see section 2.2, ατ might become relevant for the numerical minimization

condition. It however does not change any of the qualitative conclusions in section 2.2.

The same is true in general for the subleading contribution αW of the gauge bosons.

MCHMZ−14
{5,10}−{5,10,1}. We now move forward to the case of the τR mixing with a sym-

metric representation of SO(5), where we will find interesting new features. The left handed

SM-like quarks will first be restricted to mix with either a fundamental or an adjoint rep-

resentation, while the right handed quarks could alternatively also mix with a singlet. The

relevant contributions to the Higgs potential now look like

V (h) ∼=

[
m4

Ψ

16π2g2
ψ

(
Nc

(
c̃tLy

t 2
L − c̃tR yt 2

R

)
+ c̃τRy

τ 2
R

)
+ α

(4)
t (yt 4

L,R/g
4
Ψ)

]
sin2(h/fπ)

−

[
m4

Ψ

16π2g2
ψ

5/4 c
τ (2)
R yτ 2

R + βt(y
t 4
L,R/g

4
Ψ)

]
sin2(h/fπ) cos2(h/fπ) .

(2.46)

Here c̃L = {ctL/2,−3/8 cqL} in the case of tL mixing with a {5, 10} of SO(5), whereas

c̃R = {ctR,−1/4 ctR, 0} for tR mixing with a {5, 10, 1}, respectively, see (2.17) and (2.32),

while simply from (2.41) we identify c̃τR = −3/4(c
τ (1)
R + c

τ (2)
R ). The subleading quark

terms, contributing to βt(y
t 4
L,R/g

4
Ψ) can be obtained easily from (2.18) ((2.34)) for the case

of tL and tR both mixing with a 5 (10) of SO(5). The same is true for the O(yt 4
L,R/g

4
Ψ)

contributions to αt, denoted as α
(4)
t . In any case, a new trigonometric function beyond the

sin2(h/fπ) emerges from the quark sector only at O(yt 4
L,R/g

4
Ψ).

We inspect that the lepton sector can now deliver an essential contribution. First of

all, it provides the formally leading term in the second row of (2.46), contributing to β

and thus to the Higgs mass at y2/g2
Ψ. Although, as discussed before, the lepton sector

features a notable general suppression with respect to the top quark contributions to the

potential, this can be lifted by the smaller power suppression in y2/g2
Ψ compared to βt.

The τR contribution can thus help to allow for a light Higgs boson with mH ∼ 125 GeV,

without the need for light top partners. The crucial point is that now we add two new

mixing parameters yτL and yτR (as well as additional (O(1)) mass parameters) but only

one new constraint, i.e., the τ mass. Although only the latter mixing is relevant for the

potential, this however now is basically a new free parameter.

Without leptons, all mixing parameters were determined to good approximation by

the top mass (2.14) and the EWSB condition (2.21), where the latter fixed ytL ∼ ytR ≡ yt,

as explained before. Like this, mH was essentially fixed and generically too large, see

e.g. (2.25). The only additional freedom for a potential reduction in the Higgs mass was to

lower the top-partner masses mT or mT̃ , to increase the mixing with the resonances which

allows to lower yt for fixed mt and thus to lower mH . Now, the leptonic contribution offers
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an opportunity to break this pattern by providing the additional parameter yτR entering

mH . Adding βτ to (2.23) we arrive at (setting ctLL,LR,RR → 1)

mH ∼
1√
2π

√
3y4
t + 5/4 c

τ (2)
R g2

Ψy
τ 2
R v

∼ 1

π

√
3

min(mT ,mT̃ )2

f2
π

m2
t + 5/8 c

τ (2)
R g2

Ψy
τ 2
R v2 ,

(2.47)

and similarly for the other non-trivial quark embeddings mentioned before, while we will

comment on the option of embedding the tR in a singlet further below. Since the lepton

sector delivers a non-negligible contribution to mH , one can now use the additional freedom

to arrive at the correct Higgs mass, without the need to tune the top partners light, only

by moderately canceling the top contribution in (2.47) above via the contribution of the

τR. In section 3 we will see explicitly that the effect of the latter is significant and can

indeed interfere destructively with the top contribution, to allow for larger min(mT ,mT̃ ).

Moreover, in contrast to quarks in the 14, no large ad-hoc tuning is needed, since

in general βτ is significantly smaller than βt when the fermions mix with a 14. In the

case of quarks, the ad hoc tuning was unavoidably generated due to the large top mass.

With the quarks now mixing with a fundamental or adjoint representation of SO(5), their

contribution to β is suppressed one order further in y2
t /g

2
Ψ such that both the quark and the

lepton contribution are already roughly as small as the electroweak scale (cf. (2.44)). There

is no need for light resonances whatsoever. Finally, the impact of the τR on the EWSB

condition (2.21) is in general still similar to the case discussed before. It is subleading in

the first place, while after the tuning in the quark sector, which still more or less leads to

ytL ∼ ytR (see first line of (2.46)), it can have a modest impact on the numerics. We will

see the whole mechanism at work explicitly in section 3.

MCHMZ−W
14−Y, MCHMZ−W

X−14. For completeness, we now discuss the case where the tL
or the tR mixes with a 14 of SO(5), while the other fermions can mix with any one of the

representations considered. Now the leptonic effect is again subleading in general, since

the top contributions are always non-vanishing at the maximal possible order (y2/g2
Ψ), see

section 2.2. Nevertheless the τR can have e.g. a numerical impact on the Higgs mass, if it

mixes itself with a 14, after the tuning of the large quark contribution in order to reproduce

the small mH . After this reduction in the quark contribution, the leptons can also have

again a numerical influence on the EWSB condition for various representations. However,

they again deliver no qualitative change of the overall mechanism and findings with respect

to the tuning and the absence of light partners if quarks are in the 14.

In general, we have shown that if a composite τR mixes with a symmetric representation

of SO(5), interesting consequences can arise. In particular, light top partners are no longer

needed, while still a large tuning in the Higgs mass can be avoided. We will see now

that such models of the lepton sector can also have very interesting features regarding the

minimality of the setup. As explained, models of τ compositeness are well motivated from

lepton-flavor physics, in particular from the absence of sizable FCNCs. However, the fact

that leptons should mix with a 14 of SO(5) is at this stage still rather ad hoc. In the end,
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although the setup offers an orthogonal approach and clearly has some virtues with respect

to the 14 in the quark sector, so far it is has not been proven to be more motivated from

a conceptual reasoning.

On the other hand, due to the mere fact that the neutrino masses are so tiny, a very

attractive motivation for having leptons in a 14 of SO(5) can be given, even without the

need to rely on flavor protection to justify right-handed lepton compositeness. Indeed, the

SU(2)L triplet present in the 14 is very welcome regarding neutrino masses. If it acquires

a Majorana mass term, it provides heavy degrees of freedom that can induce the strongly

suppressed dimension-5 Weinberg operator, responsible for generating tiny neutrino masses

via the well known (type-III) seesaw mechanism. As mentioned above, the 5L+ 14R setup

provides the most minimal composite Higgs model with a type-III seesaw for neutrino

masses (with a protection of ZτRτR) and will thus be denoted the mMCHMIII. Beyond

that minimality with respect to the particle content, since both the heavy lepton triplet

containing the right-handed Majorana neutrino as well as the τR can mix with the same

composite multiplet (containing both a SU(2)L triplet and singlet), the model features the

least number of parameters possible, even in general.18 Finally, note that in that context

a similar type-I seesaw model would need at least an additional 1νR and in consequence

another 5L, and would thus be much less minimal. Interestingly, the lack of light partners

together with minimality points to a type-III seesaw model.

Moreover, an equivalently simple model with a 14 in the quark sector is not possible.

It is a peculiar feature of the lepton sector that the right-handed neutrinos can be part of

a SU(2)L triplet, while for quarks the right handed fields need both to mix with SU(2)L
singlets which requires a second composite multiplet (beyond the 14) mixing with the right

handed fermions, complicating the model.19

In that context, note that for the mMHCMIII, considering the embeddings of the

quarks, the very minimal and in principle obvious possibility of mixing the SU(2)L singlet

tR with a singlet of SO(5) ⊃ SU(2)L arises naturally, while still the tL can mix with a 5

- the mMCHMIII>
5−1 . This now becomes viable due to a potentially unsuppressed leptonic

contribution in the mMCHMIII, which here can become larger than in the models of τR
compositeness considered so far. First, the Nc = 3 suppression can be lifted via an Ng =

3 enhancement, since now all right handed charged-lepton generations are expected to

contribute (see section 3.1.4). Moreover, remember that the model does not need anymore

to be based on a specific setup of flavor protection, coming usually with smaller c
τ (... )
R (RR)

from a ‘Yukawa suppression’ [12], to motivate a large right-handed lepton compositeness.

18Note that if the right-handed τ and the NR mix with the same multiplet of the strong sector, this

suggests that they feature the same linear-mixing parameter (determined by the anomalous dimension of

the composite operator) yτR = yNτR , where the latter should be sizable, as explained before. The new fields

that the 14 offers are thus used in an economical way. A further reduction in parameters (and fields) with

respect to the MCHM14 is reached since, with both right handed lepton multiplets being able to mix with

the same composite representation with a single X charge, also the left handed fields can mix with a single

representation (here a 5). As a consequence, the setup involves the minimal amount of composite SO(5)

multiplets that is viable - less than any other model known before.
19While in the 10 it would in principle be possible to embed both tR and bR, this is in any case disfavored,

as it would introduce large corrections to ZbRb̄R couplings due to the large top mass.
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The lifting of that suppression is denoted by the superscript >. In this setup all terms

∼ ytR in (2.46) vanish and it becomes possible that the now sizable τR contribution to α

moderately cancels the tL one, such as to fulfill (2.21).

In particular ytL can also be somewhat smaller if the tR mixes with a singlet, since the

top mass can always be matched via the now free ytR, which is not required to fulfill ytR ∼ ytL
anymore from EWSB. This will just lead to a strongly composite tR. In consequence of this

freedom, the contribution from the quark sector to the Higgs mass is also no longer fixed by

mt and can become somewhat smaller, without light partners. Now generically mH becomes

dominated by βτ and the leptons do not need to interfere destructively with the quark

contribution to β anymore. Due to the generically large βτ the model will feature an ad-hoc

tuning, similar to the model with a 14tL + 1tR , however the parametric “double-tuning” in

EWSB can clearly be avoided, although the quark realization is minimal. Note that in such

a scenario of a unsuppressed contribution of a leptonic 14R to α and β, the lepton effects

can help to avoid the “double-tuning” (and the emergence of light partners) also in other

realizations of the quark sector than the 5L + 1R, breaking also the ytL ∼ ytR degeneracy

in general. In all models, besides those featuring a 14 in the quark sector, the leptonic

contributions, discussed in (2.47), will then generically dominate mH before necessary

cancellations take place. If quarks are however in a 14, both sectors become comparable

and the pure quark models are only modified in a sense that now all contributions become

larger in general due to the additional lepton terms.

On the other hand, note that also in the mMCHMIII it is still possible to motivate a

Yukawa suppression for leptons, which will here be balanced by a slightly enhanced left-

handed compositeness to keep the lepton masses fixed. This is in particular feasible since,

in contrast to the large top mass, one has mτ � v. This leads to the other limit of the

model, which results in rather similar predictions as for the models with a simple 14τR ,

described before. The most minimal viable version of this setup features a 5tL + 5tR in

the top-quark sector, while the bottom sector (and light quarks) can be in a 5bL + 1bR ,

and will be denoted the mMCHMIII
5 , while the corresponding optional version with large

lepton Yukawas will again be called mMCHMIII>
5 .

Nevertheless, the most minimal complete model which avoids the presence of

light top-partners belongs to the class MCHM5−14
5−1 , where the full embedding reads

5tL + 1tR + 5bL + 1bR + 5τL + 14`R , equipped with a Majorana mass for the SU(2)L triplet

and unsuppressed lepton Yukawas. It is just this model, featuring 31 dof, that we will

think of as the mMCHMIII>
5−1 in the following. As discussed, the quarks can now mix with

composites with only 12 dof.20 The model has thus less dof in the quark sector than

any other composite model known, minimizing the colored particle content, with further

interesting consequences for phenomenology.

The most minimal model that avoids the presence of ultra-light partners by a modifi-

cation of the quark sector is on the other hand defined as 14tL + 1tR + 5bL + 1bR + 5τL +

1τR +5νL +1νR . Beyond the fact that the 14 in such a model is conceptually less motivated

20This corresponds to the minimal possible amount of fermions one might think of in general SO(5)/SO(4)

composite Higgs models, whereas the minimum for a sector that needs to trigger EWSB was 5tL + 1tR +

5bL + 1bR = 16 = 5qL + 10tR + 1bR .

– 24 –



J
H
E
P
0
5
(
2
0
1
5
)
0
0
2

from the pattern of the quark masses and seems ad hoc, it has 33 dof, and thus more than

the mMCHMIII>
5−1 where the 14 is used to unify different SM multiplets. If nature should

call for a 14 of SO(5) via the non-discovery of light top partners, the lepton sector with a

type-III seesaw seems to offer the most economical place to host this multiplet.

In summary, models with leptons in a symmetric representation of SO(5), such as

the mMCHMIII
5 offer the new possibility to create a naturally light Higgs without light

partners in a well motivated setup following the principle of minimality in the lepton

sector, while the total dof are in the ballpark of minimal models (already the standard

MCHM5 with all fermions in a 5 has more). Moreover, they also invite to set up models

with a maximal total amount of minimality, by allowing the most minimal and natural

quark embedding, with right handed singlets of SO(5) ⊃ SU(2)L only, the mMCHMIII>
5−1 .

Counting color as a degree of freedom, such a model features 3 · 12q + 19l = 55 fermionic

dof for the third generation, compared to the most minimal viable model known before,

with 3 · 16q + 12l = 60 fermionic dof.21 It could thus be considered as the most minimal

composite Higgs model in general and it does not predict light partners. In consequence,

minimality as an argument to expect light partners at the LHC might be questionable. In

the following we will quantify the general findings of this section.

3 Numerical analysis in the GHU approach — the impact of leptons

In this section we are going to probe the general findings of last section numerically by

studying explicit holographic realizations of the composite Higgs setup, i.e., models of

gauge-Higgs unification [19–24]. We will first present the 5D framework for the models

under consideration and then discuss the calculation of the Higgs potential. Finally we will

present our numerical results and confront them with the general predictions of section 2.

3.1 Setup of the (5D) GHU models

The 5D holographic realization of the MCHMs introduced in the previous section consists

of a slice of AdS5 with metric

ds2 = a2(z)
(
ηµνdxµxν − dz2

)
≡
(
R

z

)2 (
ηµνdxµxν − dz2

)
, (3.1)

where z ∈ [R,R′] is the coordinate of the additional spatial dimension and R and R′ are

the positions of the UV and IR branes, respectively. We consider a bulk gauge symmetry

SO(5)×U(1)X broken by boundary conditions to the electroweak group SU(2)L×U(1)Y on

the UV brane and to SO(4)×U(1)X on the IR one. More explicitly, this setup correspond

to gauge bosons with the following boundary conditions

Laµ(+,+), Rbµ(−,+), Bµ(+,+), Z ′µ(−,+), C âµ(−,−), (3.2)

where a = 1, 2, 3, b = 1, 2, â = 1, 2, 3, 4 and −/+ denote Dirichlet/Neumann boundary

conditions at the corresponding brane.22 In the above expression, L1,2,3
µ and R1,2,3

µ are

21The same counting goes trough to the case of three generations in the fully anarchic approach to flavor.
22The respective (4D) scalar components (µ → 5) have opposite boundary conditions, allowing for zero

modes only in C â5 .
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the 4D vector components of the 5D gauge bosons associated to SU(2)L and SU(2)R,

respectively, both subgroups of SO(5). We have defined the linear combinations

Bµ = sφR
3
µ + cφXµ, Z ′µ = cφR

3
µ − sφXµ,

cφ ≡
g5√

g2
5 + g2

X

, sφ ≡
gX√
g2

5 + g2
X

, (3.3)

with g5 and gX the dimensionfull 5D gauge couplings of SO(5) and U(1)X , respectively,

and Xµ the gauge boson associated with the additional U(1)X . Finally, C âµ are the gauge

bosons corresponding to the broken coset space SO(5)/SO(4), whose scalar counterparts

zero-modes C â5,(0)(x, z) ≡ f âh (z)hâ(x) we will identify with the SU(2)L Higgs doublet.

We typically fix 1/R ∼ 1016 TeV and, for each value of the warped down 1/R′ ∼
O(1) TeV, addressing the hierarchy problem, we obtain g5, sφ and 〈hâ〉 = vδâ4 in terms of

αQED, MW and MZ . That means that, modulo the value of R ∼M−1
Pl , fixed by naturalness,

in the 5D gauge sector the only free parameter is R′, or equivalently,

fπ ≡
2R1/2

g5R′
. (3.4)

We will also consider the more general scenario where the dimensionless 5D gauge coupling

g∗ ≡ g5R
−1/2 (as well as sφ) can change for a fixed value of fπ. This can be done by

allowing for SU(2)L and U(1)Y UV localized brane kinetic terms,

SUV ⊃
∫

d4x

[
−1

4
κ2R log

(
R′

R

)
LaµνLaµν −

1

4
κ′2R log

(
R′

R

)
BµνBµν

]
z=R

, (3.5)

where κ and κ′ are dimensionless parameters. Then, for given values of {fπ, κ, κ′}, we

obtain with very good approximation

g∗ ≈
e

sin θW

√
log(R′/R)

√
1 + κ2, sφ ≈ tan θW

√
1 + κ′2

1 + κ2
. (3.6)

Moreover,

sin(v/fπ) ≈ 2
sin θW
e

MW

fπ
, (3.7)

and e =
√

4παQED is the electric charge while θW the Weinberg angle. In the dual CFT,

changing g∗ corresponds to a change in the number of colors

NCFT ≡
16π2

g2
∗
. (3.8)

The value of g∗ can also be related to the free parameter gρ introduced in section 2,

controlling the mass scale of the composite vector resonances mρ ≡ gρfπ. Considering the

first Kaluza-Klein (KK) resonance of a 5D gauge field with (−,+) boundary conditions,23

we obtain

gρ ≈ 1.2024 · g∗. (3.9)

23In the holographic picture, these boundary conditions imply that this gauge field does not interact with

the elementary sector.

– 26 –



J
H
E
P
0
5
(
2
0
1
5
)
0
0
2

The fermion sector will depend on the SO(5) representation in which the 5D fields

transform, 1,4,5,10 or 14. Taking into account that Y = T 3
R + X it is straightforward

to work out all possible embeddings of the SM fermions. As mentioned in section 2,

henceforth we will just consider fermions with a sizable degree of compositeness since they

will be the only ones playing a non-negligible role in the generation of the Higgs potential

and in the determination of the Higgs mass. That means in particular that we will neglect

the first two quark generations, the right handed (RH) bottom and, with the exception of

the mMCHMIII where all RH leptons will be composite, the first two lepton generations.

Moreover, excepting again the mMCHMIII, possible RH neutrinos will also be neglected.

In order to get the correct charged lepton masses we will still include left handed (LH)

leptons when their RH counterparts are composite.

Due to the absence of PLR symmetry protecting the Zb̄LbL coupling, the spinorial

representation is usually not considered for quarks as it would lead to too large deviations

from its measured value. For leptons with a moderate degree of compositeness, we would

encounter a similar problem for the corresponding Z couplings. Thus, we will not consider

this case throughout this work, restricting ourselves to the other representations. Without

trying to exhaust all possible combinations of fermion representations, which have been

discussed qualitatively in section 2, we will consider for the quark sector the cases where

• both qL and tR are embedded in a 5, 10 or 14, each, denoted by MCHM5, MCHM10

and MCHM14, respectively,

• the quark doublet qL is living in a 14 whereas the tR is a full singlet of SO(5), denoted

by MCHM14−1,

• the quark doublet qL is embedded in a 5 and the tR in a 14, denoted by MCHM5−14.

Regarding leptons, the RH charged ones eR, µR and τR will always be embedded in the 14,

while the LH doublets will live either in the fundamental 5 or the symmetric representa-

tion 14.

In order to fix the notation and illustrate further the different embeddings we will

describe in some detail the cases cited above. For further details on the SO(5) fermion

representations we refer the reader to appendix B.

3.1.1 MCHM5

We consider two 52/3 of SO(5)×U(1)X with the following boundary conditions

ζ1 =

(
Λ̃1[−,+] t1[+,+]

t̃1[−,+] b1[+,+]

)
⊕ t′1[−,+], ζ2 =

(
Λ̃2[+,−] t2[+,−]

t̃2[+,−] b2[+,−]

)
⊕ t′2[−,−], (3.10)

where we have explicitly shown the decomposition under SU(2)L×SU(2)R, with the bidou-

blet being represented by a 2× 2 matrix on which the SU(2)L rotation acts vertically and

the SU(2)R one horizontally. More specifically, the left and right columns correspond to

fields with T 3
R = ±1/2, whereas the upper and lower rows have T 3

L = ±1/2. The signs in

square brackets denote the boundary conditions on the corresponding branes. A Dirichlet
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boundary condition for the RH chirality is denoted by [+] while the opposite sign denotes

the same boundary condition for the LH one. Therefore, before EWSB, zero-modes with

quantum numbers 21/6 and 12/3 under SU(2)L ×U(1)Y live in ζ1 and ζ2, respectively.

The relevant part of the action reads

S ⊃
∑
k=1,2

∫
d4x

∫ R′

R
dz a4

{
ζ̄k

[
i��D +

(
D5 + 2

a′

a

)
γ5 − aMk

]
ζk

}
+ SUV + SIR, (3.11)

where24

DM = ∂M − ig5T
a
LL

a
M − ig5T

b
RR

b
M − igY Y BM − i

gY
cφsφ

Z ′M
(
T 3
R − s2

φY
)

−ig5T
âC âM , with M = µ, 5 and gY ≡ g5gX/

√
g2

5 + g2
X , (3.12)

are the gauge covariant derivatives and SUV,SIR are possible brane localized terms. We

conventionally parametrize the bulk masses Mk = ck/R in terms of dimensionless bulk

mass parameters ck and the fundamental scale R.

In particular, the fifth component of the covariant derivative in the above action gen-

erates the Yukawa interactions

S ⊃ −
∑
k=1,2

ig5

∫
d4x

∫ R′

R
dz a4ζ̄k(x, z)γ5T 4ζk(x, z)C4

5 (x, z) (3.13)

= −ig5

[∫ R′

R
dza−1

]−1/2 ∑
k=1,2

∫
d4x

∫ R′

R
dz a3ζ̄k(x, z)γ5T 4ζk(x, z)h(x) + . . . ,

where the dots stand for terms involving the non-physical KK excitations of the Higgs

boson and we have used that the Higgs profile is given by

f4
h(z) = a−1

[∫ R′

R
dz a−1

]−1/2

. (3.14)

Looking at the specific form of the Yukawa interactions, we can see that in order to

have a non-zero mass for the zero-modes after EWSB we need to have some IR brane

terms splitting the zero-modes between the different multiplets. Therefore we consider the

following brane action

SIR = −
∫

d4x
{
a(z)4

[
M q
Sζ

(1,1)
1L ζ

(1,1)
2R +M q

Bζ
(2,2)
1L ζ

(2,2)
2R

]}
z=R′

+ h.c., (3.15)

where we have used the decomposition ζ = ζ(2,2) + ζ(1,1) introduced explicitly in ap-

pendix B.1. One could in principle add some UV brane masses between the exotic SU(2)L
doublets of both bidoublets but their impact on the Higgs potential would be subleading,

as they do not have zero-modes and the main contribution comes always from the elemen-

tary degrees of freedom. For the sake of simplicity, we will not consider the introduction

24See appendix A for explicit expressions of the SO(5) generators in the fundamental representation.
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5D 4D

KK mass m̂T , m̃T

fc1,−c2 ytL,Rfπ/ ˆ̃mT ≈ sinϕL,R

MB,MS aL, bR

fixed Higgs couplings (C â5 ) bL, aR

Table 1. Approximate correspondence between the parameters of the 5D model and those of the

4D model, introduced in section 2.

of fermionic brane kinetic terms unless they are required to get the correct EWSB as, for

instance, in the case of the MCHM14−1, see below.

One remarkable feature of these models is that we can remove the Higgs vev 〈hâ〉 = vδâ4

from the bulk through the following 5D gauge transformation [61]

ζk(x, z) → Ω(z)ζk(x, z), (3.16)

AM (x, z) → Ω(z)AM (x, z)Ω(z)T − (i/g5) (∂MΩ(z)) Ω(z)T , (3.17)

where AM = LaMT
a
L +RaMT

a
R + C âMT

â and

Ω(z) = exp

(
−ig5T

â〈hâ(x)〉
∫ z

R
dz′ f âh (z′)

)
= exp

(
−ig5T

4v

∫ z

R
dz′ f4

h(z′)

)
. (3.18)

After such a transformation, we can solve the bulk equations of motion for fermions and

gauge bosons neglecting the Higgs vev and impose the same UV boundary conditions, since

Ω(R) = 1. However, the IR boundary conditions of the transformed fields will mix through

the Wilson lines Ω(R′) fields with the same electric charge.

Finally, similarly to the gauge sector, we can obtain the 4D parameter gΨ introduced in

the previous section by identifying the mass scale of the fermionic resonances in the 4D pic-

ture, mΨ ≡ gΨfπ, with the mass of the first KK mode of a 5D field with boundary conditions

[−,+] and bulk mass cΨ = 1/2. This leads, in the absence of fermion brane kinetic terms, to

gΨ = gρ ≈ 1.2024 · g∗. (3.19)

Although in this case gΨ and gρ turn out to be equal, this degeneracy could be lifted

by adding fermion kinetic terms. For completeness we also show in table 1 the rest of

approximate identifications with the 4D setup, where the function fc

fc ≡

[
1− 2c

1−
(
R
R′

)1−2c

] 1
2

, (3.20)

gives the wave function of the corresponding fermion zero-mode on the IR brane.
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3.1.2 MCHM10

In this case we consider two 102/3 multiplets,

ζ1 =

(
Λ̃1[−,+] t1[+,+]

t̃1[−,+] b1[+,+]

)
⊕


Λ̂1[−,+]

t̂1[−,+]

b̂1[−,+]

⊕


Λ′1[−,+]

t′1[−,+]

b′1[−,+]

 ,

ζ2 =

(
Λ̃2[+,−] t2[+,−]

t̃2[+,−] b2[+,−]

)
⊕


Λ̂2[+,−]

t̂2[+,−]

b̂2[+,−]

⊕


Λ′2[+,−]

t′2[−,−]

b′2[+,−]

 , (3.21)

where the first and second three-vectors in the SO(4) decomposition correspond to the (3,1)

and (1,3) of SO(4), respectively. In the first case, the first, second and third components

of the three-vector correspond to T 3
L = +1, 0,−1, respectively, while the second case is

analogous with the interchange T 3
L ↔ T 3

R. Similarly to the MCHM5, we consider the

following brane action

SIR = −
∫

d4x
{
a(z)4

[
M q
TTr

(
ζ

(3,1)
1L ζ

(3,1)
2R + ζ

(1,3)
1L ζ

(1,3)
2R

)
+ M q

BTr
(
ζ

(2,2)
1L ζ

(2,2)
2R

)]}
z=R′

+ h.c., (3.22)

where the decompositions ζ1,2 = ζ
(1,3)
1,2 +ζ

(3,1)
1,2 +ζ

(2,2)
1,2 are explicitly defined in appendix B.2.

3.1.3 MCHM14, MCHM5−14, MCHM14−1

MCHM14. We will consider first the case of two 142/3

ζ1 = t′1[−,+]⊕

(
Λ̃1[−,+] t1[+,+]

t̃1[−,+] b1[+,+]

)
⊕ ζ(3,3)

1 [−,+], (3.23)

ζ2 = t′2[−,−]⊕

(
Λ̃2[+,−] t2[+,−]

t̃2[+,−] b2[+,−]

)
⊕ ζ(3,3)

2 [+,−], (3.24)

where this time, for the sake of simplicity, we have left implicit the components of the two

SO(4) bi-triplets ζ
(3,3)
1,2 . The IR brane mass terms read

SIR = −
∫

d4x
{
a(z)4

[
M q
STr

(
ζ

(1,1)
1L ζ

(1,1)
2R

)
+M q

BTr
(
ζ

(2,2)
1L ζ

(2,2)
2R

)
+M q

TTr
(
ζ

(3,3)
1L ζ

(3,3)
2R

)]}
z=R′

+ h.c., (3.25)

where the explicit form of the fields ζ
(1,1)
1,2 , ζ

(2,2)
1,2 , and ζ

(3,3)
1,2 can be obtained from ap-

pendix B.3.

Analogously to ref. [62] one can compute the contribution of the top quark and its tower

of resonances to the gg → H loop induced process. This is particularly relevant for Higgs

physics at the LHC and can impose some constraint on the composite parameters of the
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model, especially in this case where fields transform in 14s of SO(5) and some sensitivity

to the particular composite sector is expected [18, 44]. To this end, we have computed the

infinite sum
∑

n vy
top
nn /m

top
n , where ytop

nn are the diagonal top-like Yukawa couplings and

mtop
n the corresponding (KK) masses, via the UV value of the full 5D propagator evaluated

at zero-momentum, obtaining

∑
n

vytop
nn

mtop
n

∣∣∣∣∣
MCHM14

=
θπ

cos θπ sin θπ
(3.26)

×
3(M q

S −M
q
T ) cos 2θπ + (5M q

S − 8M q
B + 3M q

T ) cos 4θπ
3(M q

S −M
q
T ) + (5M q

S − 8M q
B + 3M q

T ) cos 2θπ
,

where for the sake of simplicity we have introduced the shorthand notation θπ ≡ v/fπ. The

corresponding cross-section normalized to the SM one is then given by

σ(gg → H)MCHM14

σ(gg → H)SM
≈
|κMCHM14
g |2 + |κMCHM14

g,5 |2

κ2
v

, (3.27)

where κv = v/vSM is the ratio of the 5D Higgs vev over the SM one and we have defined

κMCHM14
g = Re

[∑
n

vytop
nn

mtop
n

]
MCHM14

, κMCHM14
g,5 =

3

2
Im

[∑
n

vytop
nn

mtop
n

]
MCHM14

. (3.28)

To write (3.27) we have implicitly assumed 4m2
top/m

2
H →∞ and neglected the subleading

bottom contribution [44].

For the lepton case, we consider two 14−1 under SO(5)×U(1)X ,

ξ1 = τ ′1[−,+]⊕

(
ν1[+,+] τ̃1[−,+]

τ1[+,+] Ỹ1[−,+]

)
⊕ ξ(3,3)

1 [−,+], (3.29)

ξ2 = τ ′2[−,−]⊕

(
ν2[+,−] τ̃2[+,−]

τ2[+,−] Ỹ2[+,−]

)
⊕ ξ(3,3)

2 [+,−], (3.30)

with an IR action analogous to the one of (3.25) with brane masses M l
S ,M

l
B and M l

T . We

can also compute the analogous to (3.26) for the lepton case, which can be relevant for

instance for H → γγ, obtaining the very same expression as in the quark case but with the

change {M q
S ,M

q
B,M

q
T } → {M l

S ,M
l
B,M

l
T }.

MCHM5−14. This case can be obtained easily from the previous, changing the first 14

for a 5, i.e.,

ζ1 = t′1[−,+]⊕

(
Λ̃1[−,+] t1[+,+]

t̃1[−,+] b1[+,+]

)
, (3.31)

ζ2 = t′2[−,−]⊕

(
Λ̃2[+,−] t2[+,−]

t̃2[+,−] b2[+,−]

)
⊕ ζ(3,3)

2 [+,−], (3.32)
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with the following IR action25

SIR =

∫
d4x

∫ R′

R
dz

{
a4(z)

[√
5

2
M q
S

(
ζ̄

(1,1)
1L ζ

(1,1)
2R

)
5

+
√

2M q
B

(
ζ̄

(2,2)
1L ζ

(2,2)
2R

)
5

]}
z=R′

+h.c.. (3.33)

Similarly to the previous case, with two 14s, we can compute the top tower contribution

to gg → H, obtaining

√
2θπ

{[√
10 cot θπ

(
(5 cos 2θπ + 3)M q∗

S

(
cos 2θπ

(
5
√

2M q
S − 4

√
5M q

B

)
− 5
√

2M q
S

)
−40 cos2 θπM

q∗
B

(
cos 2θπ

(√
5M q

S − 2
√

2M q
B

)
−
√

5M q
S

))]
×[

(5 cos 2θπ + 3)M q∗
S

(
5 cos 2θπ

(√
10M q

S − 4M q
B

)
− 20M q

B + 3
√

10M q
S

)
−40 cos2 θπM

q∗
B

(
M q
S(5 cos 2θπ + 3)− 4

√
10M q

B cos2 θπ

)]−1
(3.34)

+
[
(5 cos 2θπ + 3)M q∗

S

(
8M q

S cot θπ − sin 2θπ

(
5M q

S − 2
√

10M q
B

))
−4 cos2 θπM

q∗
B

(
40M q

B sin θπ cos θπ +
√

10M q
S(5 cos 2θπ + 3) cot θπ

)]
×[

(5 cos 2θπ + 3)M q∗
S

(√
2M q

S(5 cos 2θπ + 3)− 8
√

5M q
B cos2 θπ

)
−8 cos2 θπM

q∗
B

(√
5M q

S(5 cos 2θπ + 3)− 20
√

2M q
B cos2 θπ

)]}
=
∑
n

vytop
nn

mtop
n

∣∣∣∣∣
MCHM5−14

.

It is again straightforward to write down the lepton case, where we consider the fol-

lowing SO(5) multiplets,

ξ1 = τ ′1[−,+]⊕

(
ν1[+,+] τ̃1[−,+]

τ1[+,+] Ỹ1[−,+]

)
, (3.35)

ξ2 = τ ′2[−,−]⊕

(
ν2[+,−] τ̃2[+,−]

τ2[+,−] Ỹ2[+,−]

)
⊕ ξ(3,3)

2 [+,−]. (3.36)

Analogous expressions to (3.33) and (3.34) hold in this case with the corresponding changes

{M q
S ,M

q
B} → {M l

S ,M
l
B}.

MCHM14−1. In this case the RH top is embedded in a full singlet of SO(5) × U(1)X ,

∼ 12/3, while the SU(2)L doublet qL will live in 142/3,

ζ1 = t′1[−,+]⊕

(
Λ̃1[−,+] t1[+,+]

t̃1[−,+] b1[+,+]

)
⊕ ζ(3,3)

1 [−,+], (3.37)

ζ2 = t′2[−,−]. (3.38)

25For convenience, we have added prefactors −
√

5/2 and −
√

2 to the boundary masses Mq
S and Mq

B ,

respectively, in order to compensate group factors that will otherwise appear along with the brane masses

mixing the canonically normalized fermions (making for instance the brane mass mixing the bidoublets

slightly smaller than the one mixing the singlets).
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As was pointed out in [56], this setup has an accidental SU(9+4) = SU(13) global symmetry

on the IR brane (coming from the fact that the 92/3 = (3,3)2/3 and the 42/3 = (2,2)2/3
⊂ 14 can be rotated as a single multiplet), leading in particular to a vanishing contribution

to the sin2(h/fπ) coefficient of the Higgs effective potential. To break this symmetry, and

be able to explore more general scenarios, we will introduce, also on the IR brane, fermion

kinetic terms for both SO(4) multiplets, 42/3 and 92/3,

SIR =

∫
d4x

{
a(z)4

[
M q
Sζ

(1,1)
1L ζ

(1,1)
s2R + κqBRTr

(
ζ

(2,2)
1L i�∂ζ

(2,2)
1L

)
+κqTRTr

(
ζ

(3,3)
1L i�∂ζ

(3,3)
1L

)]}
z=R′

+ h.c.. (3.39)

In this particular case, the sensitivity to the composite parameters in gg → H disap-

pears, getting ∑
n

vytop
nn

mtop
n

∣∣∣∣∣
MCHM14−1

= θπ (cot θπ − tan θπ) . (3.40)

3.1.4 The mMCHMIII: a new minimal model for leptons

Taking a closer look to the structure of the symmetric representation of SO(5), 14 =

(1,1) ⊕ (2,2) ⊕ (3,3), one can readily see that it is the only one which can host at the

same time a PLR protected SU(2)L×U(1)Y singlet and a triplet ∼ 30. This feature implies

in particular that, using this representation, we can build very minimal models in the

lepton sector generating the neutrino masses through a type-III seesaw. In the following,

we will consider the most minimal of these scenarios, which we have called mMCHMIII,

realized with left- and right-handed leptons transforming as 5−1 and 14−1, respectively,

under SO(5)×U(1)X and the following boundary conditions

ξ1τ = τ ′1[−,+]⊕

(
ντ1 [+,+] τ̃1[−,+]

τ1[+,+] Ỹ τ
1 [−,+]

)
, (3.41)

ξ2τ = τ ′2[−,−]⊕

(
ντ2 [+,−] τ̃2[+,−]

τ2[+,−] Ỹ τ
2 [+,−]

)
⊕


λ̂τ2 [−,−] ντ ′′2 [+,−] τ ′′′2 [+,−]

ν̂τ2 [−,−] τ ′′2 [+,−] Y τ ′′′
2 [+,−]

τ̂2[−,−] Y τ ′′
2 [+,−] Θτ ′′′

2 [+,−]

 . (3.42)

Here, we have just shown the two multiplets for the third generation, the ones for the

first two generations are completely analogous. At the level of zero-modes we have the

SU(2)L × U(1)Y spectrum l
(0)
`L ∼ 2−1/2 ⊂ ξ1` and `

(0)
R ∼ 1−1,Σ

(0)
`R ∼ 30 ⊂ ξ2`, with ` =

e, µ, τ , which is the typical matter content for a 4D realization of the type-III seesaw [63].

In this case, we can write down the following UV Majorana mass term,

SUV = −1

2

∑
`=e,µ,τ

∫
d4x

∫ R′

R
dz
{
a4(z)M `

ΣTr
(
Σ̄`RΣc

`R

)}
z=R

+ h.c., (3.43)

where

Σ` =

(
ν̂`2/
√

2 λ̂`2

`2 −ν̂`2/
√

2

)
, ` = e, µ, τ, (3.44)
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are the 5D SU(2)L×U(1)Y triplets hosting the previously introduced Σ
(0)
`R zero-modes. On

the other hand, the IR brane masses read

SIR =
∑

`=e,µ,τ

∫
d4x

{
a(z)4

[√
5

2
M `
S

(
ξ

(1,1)
1`L ξ

(1,1)
2`R

)
5

+
√

2M `
B

(
ξ

(2,2)
1`L ξ

(2,2)
2jR

)
5

]}
z=R′

+ h.c.,

(3.45)

where, for the sake of simplicity, as we are just interested at the moment in the size of the

contribution to the Higgs potential, we have assumed that all brane masses M `
Σ,M

`
S and

M `
B are flavor diagonal.

The underlying reason for considering all three generations in this case rather than

just the third one is related to the size of the effective Majorana mass, i.e., the Majorana

mass for the corresponding zero-modes

M``′
M ≈

f2
−c`2
R′

(
R′

R

)−2c`
′

2

M `
Σδ``′ , `, `′ ∈ {e, µ, τ}. (3.46)

This mass is typically too large unless the corresponding zero-mode profiles are pushed

away from the UV brane. This leads to values of c`2 ∈ (−1/2, 0) and thus IR localized RH

zero-modes. Therefore, we can see that in this scenario, just the quantum numbers of the

lepton sector and the overall scale of the neutrino masses lead naturally to IR localized

leptons for all three generations. As we will see below, this will allow us to compensate the

relative color suppression of the lepton sector in the contribution to the Higgs potential,

making this setup particularly interesting for lifting the masses of the top partners.

3.2 The one-loop Higgs mass

We now move forward to derive the Higgs potential and in particular the Higgs mass in

the explicit 5D models. After some discussion on the matching to mH , we review the

calculation of the Coleman-Weinberg Potential in extra dimensional theories and finally

present explicit results for the models studied in this work.

3.2.1 The Higgs mass at fπ

In the following, we want to estimate the value of the Higgs mass that should be matched

to in the calculation of the 1-loop Higgs potential at the scale fπ for the models under

consideration. Neglecting higher dimensional operators with D ≥ 6, whose effect should

be suppressed, the potential can be written as

V (h) = α sin2(h/fπ)− β sin2(h/fπ) cos2(h/fπ) ' µ2h2 + λh4 +O(h6), (3.47)

where µ and λ are functions of α and β. Now these coefficients are fixed by the Higgs mass

mH and the Higgs vev v. In particular,

λ = m2
H/(8v

2) , (3.48)

which means that we can use this standard relation to obtain the running of the Higgs

mass from the running of the quartic as mH(µ) =
√

8λ(µ)v.
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Along the same lines, the running of λ should be given to first approximation by the

running of the D ≤ 4 part of the Lagrangian, i.e., the SM.26 Setting fπ ∼ 1 TeV and

employing the SM result (see e.g. [64])

λ(1 TeV)

λ(mH = 125 GeV)
≈ 0.7, (3.49)

we finally arrive at a ∼ 20% correction

mH(fπ ∼ 1 TeV) ≈

√
λ(1 TeV)

λ(mH = 125 GeV)
mH ≈ 105 GeV. (3.50)

Motivated by this result, we will employ mH(fπ) = 105 GeV (1 ± 7.5%) in the following

numerical analysis, accounting for the uncertainties in the running in a conservative way.

Thus, the top mass and the Higgs mass are treated on the same footing, evaluated at fπ.

3.2.2 Coleman-Weinberg potential in KK theories

The contribution to the one-loop Coleman-Weinberg potential of a particular KK tower

can be written as follows

V (h) ⊃ N

2

∞∑
n=1

∫
d4p

(2π)4
log
(
p2 +m2

n(h)
)
, (3.51)

where N is the number of degrees of freedom of the corresponding type of resonance —

N = +3 for gauge bosons and N = −4 for fermions — and mn(h), with n ∈ N, are their

masses in the presence of the Higgs background. It can be shown, see e.g. [49, 65], that the

previous infinite sum can be exchanged by an integral on the Minkowski space, leading to

V (h) =
∑
r

Nr

(4π)2

∫ ∞
0

dp p3 log ρr(−p2), (3.52)

where r sums over the different KK towers of the model and ρr(w
2), w ∈ C, are some

spectral functions, holomorphic in the Re(w) > 0 part of the complex plane and with roots

in the real axis encoding the physical spectrum, i.e.,

ρr(m
2
n;r(h)) = 0, n ∈ N. (3.53)

In models of GHU, where the Higgs background can be removed except for one brane

through the transformations (3.16) and (3.17), it is actually possible to compute these

spectral functions and therefore to have a calculable and finite Higgs potential, as these

functions will go to zero fast enough for large values of p2. We will focus on them in the

following subsection.

26Although, approaching the scale µ = fπ the renormalization group evolution will receive modifications,

most of the effect will be due to the SM, for fπ � mH .
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3.2.3 The Higgs mass in the MCHMs

We will consider first the contribution of the gauge boson sector, which is model indepen-

dent for our choice of symmetry breaking SO(5) → SO(4). Then we will study the cases

of the different fermion representations considered in this work. We would like to remark

that the corresponding form factors will include obviously in all cases subleading effects of

the full mixing with the heavy resonances.

Gauge bosons. The form factors for gauge bosons are well known in the literature [5].

With our notation and the UV brane kinetic terms of (3.5) they read

ρZ,W (p2) = 1 + fZ,W (p2) sin2 (h/fπ) , (3.54)

with

fZ(p2) =
p

2

(
R′

R

)[
(1 + s2

φ)C ′(p,R′)− pR log(R′/R)(κ′2 + κ2s2
φ)S′(p,R′)

]
×

×
[
S(p,R′)(C ′(p,R′)− pR log(R′/R)κ2S′(p,R′))

(C ′(p,R′)− pR log(R′/R)κ′2S′(p,R′))
]−1

, (3.55)

fW (p2) =
p

2

(
R′

R

)
1

S(p,R′)(C ′(p,R′)− pR log(R′/R)κ2S′(p,R′))
. (3.56)

In the expressions above, C(m, z) and S(m, z) are functions satisfying the bulk equations of

motion for gauge bosons and a vanishing Higgs vev, with boundary conditions C(m,R) =

1, C ′(m,R) = 0, S(m,R) = 0, S′(m,R) = m, where the prime denotes a derivative with

respect to the extra-dimensional coordinate. They are given by

C(m, z) =
π

2
mz [Y0(mR)J1(mz)− J0(mR)Y1(mz)] , (3.57)

S(m, z) =
π

2
mz [Y1(mz)J1(mR)− J1(mz)Y1(mR)] . (3.58)

We obtain

Vg(h) =
3

(4π)2

∫ ∞
0

dp p3
[
log ρZ(−p2) + 2 log ρW (−p2)

]
=

3

32π2

∫ ∞
0

dt t [log ρZ(−t) + 2 log ρW (−t)] , (3.59)

after performing the change of variables t = p2. The above potential can be written to

very good approximation as

V (h) ≈ αg sin2(h/fπ)− βg sin2(h/fπ) cos2(h/fπ),

where we have defined

αg =
3

32π2

∫ ∞
µIR

dt t

{[
fZ(−t)− 1

2
(fZ(−t))2

]
+ 2

[
fW (−t)− 1

2
(fW (−t))2

]}
, (3.60)

βg = − 3

64π2

∫ ∞
µIR

dt t
{

(fZ(−t))2 + 2 (fW (−t))2
}
, (3.61)

and introduced an IR regulator µIR in order to cure the spurious IR divergences arising

from the former expansion [5, 11]. Anyway, for the calculations perfomed in this work we

just used the exact expression (3.59) as well as its analogues for the fermion case.
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Fermions. Although the case of fermions is very model dependent, we can still perform

some general discussion. Contrary to the gauge boson form factors, in the fermion case

we will have in general further powers of sin2(h/fπ). In particular, for all the scenarios we

consider in this work

ρf (p2) = 1 + ff2 (p2) sin2(h/fπ) + ff4 (p2) sin4(h/fπ)

+ff6 (p2) sin6(h/fπ) + ff8 (p2) sin8(h/fπ), f ∈ {t, e, µ, τ}, (3.62)

where some of the functions ffk (p2), with k ∈ {2, 4, 6, 8}, may be identically zero. We have

computed all of them in a similar way to the previous case but their explicit expressions

are too involved to justify the inclusion in this work. The corresponding contributions to

the Higgs potential read

Vf (h)=− 4

32π2
Nf

∫ ∞
0

dt t log ρf (−t), (3.63)

where Nf is a possible color factor, i.e., Nt = 3 and Ne,µ,τ = 1. Again, one could use with

very good approximation

V (h) ≈ αf sin2(h/fπ)− βf sin2(h/fπ) cos2(h/fπ), (3.64)

where we have neglected terms of O(sin6(h/fπ)) and O(sin8(h/fπ)) and defined

αf = − 4

32π2
Nf

∫ ∞
µIR

dt t

[
ff2 (−t) + ff4 (−t)− 1

2
(ff2 (−t))2

]
, (3.65)

βf = − 4

32π2
Nf

∫ ∞
µIR

dt t

[
ff4 (−t)− 1

2
(ff2 (−t))2

]
. (3.66)

However, as already mentioned, in practice we will just consider the exact expression in

equation (3.63).

3.3 Lifting light partners with leptons: numerical results and discussion

In order to be able to quantify the effect of leptons on the Higgs mass and the scale

of the top partners we have performed a numerical scan focusing on two main scenarios

considered in this work, namely, non-minimal models of composite leptons arising from

a flavor protection mechanism featuring a composite τR, and minimal models of type-III

seesaw where brane masses can in principle be large and all three lepton generations have

an impact. In both cases, we consider R = 10−16 TeV−1 and fixed values of fπ . 1 TeV, as

well as κ = κ′ = 0, which correspond to g∗ ≈ 4.0 and sφ ≈ tan θW . We also scan uniformly

κ, κ′ ∈ [0,
√

3], which translates to g∗ ∼ [4., 8.] (or, equivalently, NCFT ∼ [2.5, 9.8]) and sφ ∼
[1/2 tan θW , 2 tan θW ]. Regarding the fermion sector, we have assumed random complex

brane masses

|M q
S |, |M

q
B|, |M

q
T | ≤ Y

q
∗ , |M l

S |, |M l
B|, |M l

T | ≤ Y l
∗ , M q,l

S ,M q,l
B ,M q,l

T ∈ C, (3.67)

in the first case, while we have taken real brane lepton masses in the second one for

simplicity,

|M `
Σ|, |M `

S |, |M `
B| ≤ Y l

∗ , M `
Σ,M

`
S ,M

`
B ∈ R, with ` = e, µ, τ, (3.68)
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(with the quark brane masses analogous to (3.67)) as the introduction of the Majorana

masses M `
Σ would otherwise double the size of the system of equations that we have to

solve.27 The numbers Y q
∗ , Y

l
∗ ∈ R+ are fixed to some benchmark values specified below.

The quark bulk masses cq1 and cq2 were fixed in both cases requiring

∂V (h)

∂h

∣∣∣∣
h=v

= 0, mt = mref
t , (3.69)

with28

V (h) = Vg(h) +
∑
f

Vf (h), mref
t ∈ [145, 155] GeV, (3.70)

while the procedure of fixing the lepton bulk masses in each case differs. In the scenario

of τR compositeness, where the neutrino sector is left unspecified and the only constraint

is mτ = 1.7 GeV, we randomly scan over cτ2 ∈ [−0.5, 0.5], fixing the other bulk mass via

the τ mass. However, when considering minimal type-III seesaw models, we fix for each

generation both bulk masses from the corresponding charged lepton and neutrino masses,

imposing for the latter

m`
ν = m`;ref

ν , with m`;ref
ν = ε`10−p` eV and ε` ∈ [0, 1], p` ∈ [0, 3]. (3.71)

We have ensured that all points in our random scan are in reasonable agreement with

electroweak precision data by choosing fπ = 0.8 and 1.0 TeV, since

T = 0, S ≈ 3

2
πv2R′2 = 6π

(
v

fπ

)2

g−2
∗ , U = 0, (3.72)

in these models at tree level [5, 11, 24] and fπ = 0.8 (1.0) TeV implies in particular

S ∈ [0.028 (0.018), 0.112 (0.071)]. (3.73)

In general, although S|U=0 = 0.05 ± 0.09 at 95% confidence level [66], the correlation

with the predicted value of the T parameter is large, ρcorr. = 0.91, which would in

principle disfavor a large portion of the values above. We should however keep in mind

the limitations of this analysis, as we are neglecting non-oblique effects as well as radiative

fermion corrections which can give an non-negligible positive contribution to the T

parameter [16]. In addition to this, we have also checked that |δgZ ¯̀̀ /gZ ¯̀̀ | ≤ 2h, with

` = e, µ, τ, for all points on the scan.

Finally, before going to the specific results, let us briefly comment on how we measured

the fine-tuning of the models at hand. Although a full examination of the tuning of these

models including all possible brane kinetic terms is well beyond the scope of this paper,

see e.g [11] for the case of the MCHM5, we still wanted to have a qualitative idea of the

amount of tuning required by these setups, as well as being able to compare them with

27Which is already 10× 10 in this case.
28Remember that v was fixed from {αQED,MW ,MZ} together with g∗ and sφ.
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other scenarios lifting the masses of the top partners. To this end, we have computed the

Barbieri-Giudice measure of the tuning [67], defined as

∆BG = maxi,j

∣∣∣∣∂ logOi
∂Xj

∣∣∣∣ , (3.74)

where Oi are the observables considered and Xj the different inputs of the model. In

particular, for every point of our numerical scan, we have computed the derivatives of the

logarithm of both the W and the Higgs mass29 imposing EWSB (i.e., ∂V (h)/∂h|h=v = 0)

with respect of all variables of the model and taken the maximum.

Before checking explicitly the impact of leptons in both scenarios, let us first review

the behavior of the different quark representations that we are considering.

3.3.1 Minimal quark setups

We start by studying the MCHM5 and MCHM10 as two representatives of models mixing

the top quarks with fundamental and adjoint representations of SO(5). Here, only the

fact that both tL and tR mix with a 5 or a 10 is important, while the embedding of the

composites that mix with the lighter quarks is irrelevant to excellent approximation. Also,

as discussed in section 2.2, setups of this class that mix the left handed top with another

representations than the right handed top do not show a qualitatively new behavior. In

consequence, these benchmark models exploit the full range of predictions of setups mixing

each top chirality with a representation smaller than the symmetric one. For the time being,

the contribution of the leptons will be rendered irrelevant by embedding them in single

fundamental or adjoint representations and/or assuming a negligible lepton compositeness.

In figure 1a we show the mass of the lightest Q = 2/3 resonance, mmin
2/3 , as a function of

the Higgs mass evaluated at fπ for the MCHM5, considering two values for the maximally

allowed brane masses, Y q
∗ = 0.7 and Y q

∗ = 1.4.30 We also give the dependence on the

bulk mass of the SO(5) multiplet hosting mostly the right-handed top, cq2 (where f−c2
corresponds to ytRfπ/m̃T ≈ sinϕtR in the 4D setup, see table 1). The darker the hue of the

blue points, the smaller cq2. Finally, note that we set fπ = 0.8 TeV and assume no brane

localized kinetic terms for the main part of the analysis. We will comment on their impact

at the end of this subsection. The plots confirm the discussion of section 2.2. First, the

general scale of the predicted Higgs mass is as low as mH . v, in agreement with the fact

that βt is only generated at subleading order in the spurions, see (2.24). Moreover, we see

clearly that the smaller the mass of the Higgs boson, the lighter the top partners need to be,

confirming (2.25). In particular, the light Higgs with mass mH(fπ) = 105 GeV (1± 7.5%),

evaluated at fπ (see section 3.2.1) and depicted by the yellow band, requires top partners

below a TeV. We can also see that, as expected from table 1, the lighter the partners, the

bigger in general the values of cq2, which in the 5D setup corresponds to a larger mixing with

29Note that the condition ∂V (h)/∂h|h=v = 0 defines v and thus the W mass as a function of all other

variables.
30Here, mmin

2/3 corresponds to min(mT ,mT̃ ) in (2.25). Moreover, since every SU(2)L representation present

in the setups we consider features a Q = 2/3 entry, mmin
2/3 also corresponds to good approximation to the

mass of the lightest mode of the whole spectrum of resonances.
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(a) Y q∗ = 0.7 (left plot) and Y q∗ = 1.4 (right plot) in the MCHM5 with fπ = 0.8 TeV and κ = κ′ = 0.
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(b) Y q∗ = 0.7 (left plot) and Y q∗ = 1.4 (right plot) in the MCHM10 with fπ = 0.8 TeV and κ = κ′ = 0.

Figure 1. Mass of the first top partner as a function of the Higgs mass in the MCHM5 and

MCHM10, figures 1a and 1b. In both cases, we have fixed fπ = 0.8 TeV and κ = κ′ = 0,

corresponding roughly to g∗ ∼ 4 or NCFT ∼ 10, and sφ ≈ tan θW . Lighter points correspond to more

IR localized tR. The yellow band corresponds to a ±7.5% variation around mH(fπ) = 105 GeV.

the composite sector due to the stronger IR localization. On the other hand, there exist

gradients in the mH −mmin
2/3 plane with constant cq2, where the larger Goldstone-symmetry

breaking due to a larger ytR is coming with an increased partner mass such as to mostly

cancel the effect on cq2. The analogous plots for the MCHM10 are shown in figure 1b.

While the qualitative behavior is similar, quantitatively the situation is more severe in this

model where also the bL contributes to the potential, since the top partners need to be

even lighter to arrive at the correct Higgs mass. The required mmin
2/3 . (500− 600) GeV is

already in conflict with LHC searches. Moreover, the experimental Higgs mass is at the

boundary of the viable parameter space of the model. For the MCHM5, this is quantified

further in figure 2, where we show the fraction of parameter points Pm out of all points that

reproduce the correct Higgs mass mH(fπ) = 105 GeV (1± 7.5%), for which the lightest top

partner is heavier than mmin
2/3 , versus mmin

2/3 , assuming fπ = 0.8 TeV. The curve has been

obtained by smoothening the corresponding histograms and the black line depicts the 95%
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Figure 2. Survival function Pm of the first top partner mass in the MCHM5, for fπ = 0.8 TeV,

κ = κ′ = 0, and Y q∗ ∈ {0.7, 1.4, 2.1}, assuming mH(fπ) = 105 GeV (1± 7.5%).

quantile. For all brane masses considered, we find that & 90% of the points feature a top

partner below 800 GeV, in good agreement with (2.26). The experimental bounds already

cut significantly into the parameter space of the model [55]. As in the MCHM10 the viable

mH region is hardly reachable, we do not show the corresponding plot for that model. It

is evident that the Higgs mass (in particular together with the absence of light partners)

already practically rules out this model. If the LHC excludes Q = 2/3 partners up to a TeV,

which is possible with less than 300 fb−1 of data at the LHC14 [68, 69], also the MCHM5

would be excluded for practical purposes as a full solutions to the hierarchy problem.

Now we turn to the tuning present in the models, which we show in figures 3 and 4 for

fπ = 0.8 TeV and fπ = 1 TeV, respectively. As explained before, we describe the tuning

by the Barbieri-Giudice measure, which we visualize by the color of every point in the

mH −mmin
2/3 plane, where light yellow corresponds to a negligible tuning ∆BG ∼ 0, while

dark red depicts a large tuning ∆BG & 100. The measure includes both the tuning to

get the correct EWSB (the tuning entering the Higgs vev) as well as a potential ad-hoc

tuning in the Higgs mass. In the upper panels of each figure we show the results for the

MCHM5 employing Y q
∗ = 0.7 and Y q

∗ = 1.4, while in the lower panels we provide the

same plots for the MCHM10. As a general trend, one can clearly see that lighter Higgs

masses (i.e., lighter partner masses) increase the tuning. This can easily be understood for

example from (2.23) and the tuning condition (2.21), (2.22), which leads to an increased

tuning for smaller β. In the left panel of figure 3a, we inspect that for the correct Higgs

mass, depicted again by the yellow band, the fine-tuning in the MCHM5 is of the order of

∆BG ∼ (10 − 80) for Y q
∗ = 0.7. For a larger Y q

∗ = 1.4 the tuning is generically increased

since, keeping the dependence on the brane masses, it is determined by the combination

Y q
∗ y

t, which still grows ∼
√
Y q
∗ for constant mt, see (2.12) (and table 1). For that case we

see that ∆BG ∼ (30 − 150). The qualitative behavior in the MCHM10 is similar, however

as the physical mH can hardly be reached, it is difficult to draw quantitative conclusions
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(a) Y q∗ = 0.7 (left plot) and Y q∗ = 1.4 (right plot) in the MCHM5 with fπ = 0.8 TeV and κ = κ′ = 0.
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(b) Y q∗ = 0.7 (left plot) and Y q∗ = 1.4 (right plot) in the MCHM10 with fπ = 0.8 TeV and κ = κ′ = 0.

Figure 3. Mass of the first top partner as a function of the Higgs mass in the MCHM5 and

the MCHM10, figures 3a and 3b, respectively, for κ = κ′ = 0 and fπ = 0.8 TeV. Lighter points

correspond to smaller values of ∆BG and therefore to less tuned points.

on the tuning.31 Increasing the Higgs-decay constant to fπ = 1 TeV should allow the top

partners to be slightly heavier for fixed mH , as can be seen from (2.25) (and similarly for

the MCHM10). This behavior is confirmed in our numerical analysis, presented in figure 4,

which shows the same plots as the previous figure, now employing the larger Higgs decay

constant. This comes however at the price of a considerably larger tuning, due to a smaller

ratio v/fπ, as is obvious from (2.22). In particular for those points that feature the maximal

mmin
2/3 of ∼ (900− 1000) GeV the tuning becomes in general at least ∆BG ∼ O(100).

31In this particular realization, the bL contribution to the potential becomes relevant, as explained before.

As it turns out, especially for the case of large maximal brane masses, this enlarges the parameter region,

allowing e.g. yqL (ytR) to be significantly reduced while the bottom contribution keeps mH fixed as well as

potentially saves the EWSB condition (2.21). This new region is characterized by light partner masses,

needed (together with sizable brane masses) to arrive at the large mt in the presence of a moderate linear

mixing, as well as a large tuning, since the required cancellations in the fermion sector to arrive at a viable

EWSB, are now even more challenging.
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(a) Y q∗ = 0.7 (left plot) and Y q∗ = 1.4 (right plot) in the MCHM5 with fπ = 1 TeV and κ = κ′ = 0.
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(b) Y q∗ = 0.7 (left plot) and Y q∗ = 1.4 (right plot) in the MCHM10 with fπ = 1 TeV and κ = κ′ = 0.

Figure 4. Mass of the first top partner as a function of the Higgs mass in the MCHM5 and the

MCHM10, figures 4a and 4b, respectively, for κ = κ′ = 0 and fπ = 1 TeV. Lighter points correspond

to smaller values of ∆BG and therefore to less tuned points.
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Figure 5. Mass of the first top partner as a function of the Higgs mass in the MCHM5 (left plot)

and MCHM10 (right plot). In both cases we have taken κ, κ′ ∈ [0,
√

3], which corresponds roughly

to g∗ ∈ [4, 8], and have chosen the benchmark value Y q∗ = 0.7 as well as fπ = 0.8 TeV.
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Finally, we study in addition the dependence on the 5D gauge coupling g∗, the “inverse”

of the number of colors in the strong sector NCFT and determined by the coefficient κ of the

brane localized kinetic terms of the SU(2)L gauge bosons, see (3.6) and (3.8). In figure 5

we show again the mass of the lightest top partner in dependence on the Higgs mass, for

fπ = 0.8 TeV and Y q
∗ = 0.7, indicating g∗ by the hue of the green color. We see that if

the 5D gauge coupling is increased with respect to the default value g∗ ∼ 4 (by turning on

the brane kinetics), which corresponds to a darker green, the Higgs boson gets generally

heavier for a given mmin
2/3 . This can be understood easily as the increased 5D coupling

enhances all contributions to the potential. While in the MCHM5, shown in the left plot,

it is still possible to arrive at the correct Higgs mass, in the MCHM10 with non-negligible

brane kinetics, the Higgs becomes unavoidably much too heavy. The fact that the Higgs

mass generically increases for a given mass of the lightest top partner directly means that

also changing NCFT can not raise the mass of the light partners, induced by mH .

In summary, our numerical analysis confirms the qualitative features described in sec-

tion 2.2. Models mixing the different SM chiralities with a fundamental or an adjoint

representation require light partners below the TeV scale. Moreover, they feature a larger

tuning than the naive estimate of v2/f2
π ∼ 10%. We will now see quantitatively how a com-

posite lepton sector can naturally break the correlation between mmin
2/3 and mH , without

the need to change the colored particle content.

3.3.2 The impact of leptons

We start with the standard models of τR compositeness due to flavor protection, without a

unification of right-handed lepton and neutrino multiplets, i.e., the ordinary MCHM5−14
5 .

In figure 6a, we show again the mass of the lightest Q = 2/3 resonance, as a function

of the Higgs mass for fπ = 0.8 TeV, assuming once more Y q
∗ = 0.7 and Y q

∗ = 1.4 for the

maximally allowed brane masses in the quark sector. For the leptons, we employ Y l
∗ = 0.35,

accounting for the ‘Yukawa suppression’ generally present in these models, and here and in

the following again assume no brane localized kinetic terms. The plots confirm nicely our

discussion of section 2.3. The basically unsuppressed lepton contributions to β, that arise

for a non-negligible mixing with a 14, allow for a destructive interference with the quark

contributions such as to raise the masses of the lightest top partners well beyond the 1 TeV

scale. In particular, for both values of the brane masses considered, lightest partners as

heavy as 2 TeV are possible, removing considerably the pressure coming from current LHC

searches. Due to the same mechanism, the Higgs mass could now be even below 100 GeV

and its measured value lies not anymore at the boundary of the possible values. Because of

the modest leptonic contribution to β, the models also feature no ad-hoc tuning. As before,

the general tuning ∆BG is visualized by the hue of the points in the mH − mmin
2/3 plane.

One can see that the lepton sector adds no additional relevant tuning to the setup and the

dependence on mH follows the same pattern as in the MCHM5, dominated by the large top

contribution to α which needs to be tuned to become of the order of β. Also the increased

tuning for larger Y q
∗ can be explained along the same lines as before. An interesting feature

however becomes apparent, if one studies the tuning versus mmin
2/3 . The tuning is decreased

for heavier top partners. So, not only are light partners not necessary anymore in the setup,
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(a) Y q∗ = 0.7 (left plot) and Y q∗ = 1.4 (right plot) in the MCHM5−14
5 with fπ = 0.8 TeV and κ = κ′ = 0.
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(b) Y q∗ = 0.7 (left plot) and Y q∗ = 1.4 (right plot) in the MCHM5−14
5 with fπ = 1 TeV and κ = κ′ = 0.

Figure 6. Mass of the first top partner as a function of the Higgs mass in the MCHM5−14
5

for fπ = 0.8 TeV and fπ = 1 TeV, figures 6a and 6b, respectively. In both cases we have fixed

κ = κ′ = 0, while Y l∗ = 0.35. Lighter points correspond to smaller values of ∆BG and therefore to

less tuned points.

they are even less natural and the expectation would correspond to top partners & 1.5 TeV.

This can be understood since points with a larger mmin
2/3 feature usually a larger yt and this

makes the “double tuning” (2.22) less severe. All these qualitative features remain after

increasing the Higgs decay constant to fπ = 1 TeV, which is shown in 6b. The slightly higher

partner masses and the increase in the tuning can be explained as before in the MCHM5,10.

To show that our solution does not introduce ultra-light τ partners in conflict with

observation, we show in figure 7 the same plots as before (with fπ = 0.8 TeV), now in-

dicating the mass of the lightest Q = −1 resonance, mmin
−1 , by the hue of the blue color.

We inspect that the τ partners are in general heavier than a TeV. In particular, there are

always points with both mmin
2/3 > 2 TeV, mmin

−1 > 2 TeV.

We now move on to compare more quantitatively the predictions for mmin
2/3 in the

MCHM5−14
5 with the minimal quark setups, where we take the MCHM5 as a reference.

Checking the corresponding survival function for the MCHM5−14
5 (green solid) against the
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Figure 7. Mass of the first top partner as a function of the Higgs mass in the MCHM5−14
5 for

Y q∗ = 0.7 (left plot) and Y q∗ = 1.4 (right plot), where always fπ = 0.8 TeV, κ = κ′ = 0, and

Y l∗ = 0.35. Lighter points correspond to smaller values of mmin
−1 .
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Figure 8. Survival function Pm of the first top partner mass for Y q∗ = 0.7 (left plot) and Y q∗ = 1.4

(right plot). In both cases we have plotted the MCHM5−14
5 (solid green) with Y l∗ = 0.35 vs. the

MCHM5 (dashed red) for κ = κ′ = 0 and fπ = 0.8 TeV, assuming mH(fπ) = 105 GeV (1± 7.5%).

one of the MCHM5 (red-dashed) in the left panel of figure 8, where Y q
∗ = 0.7 and always

fπ = 0.8 TeV, one can see that while 95% (99%) of the parameter points of the MCHM5

feature light partners below 800 GeV (950 GeV), in the MCHM5−14
5 still 60% (35%) of the

points have mmin
2/3 bigger than these values. In particular the 95% quantile is reached only

for mmin
2/3 = 1.8 TeV. The difference becomes in general even more dramatic for larger brane

masses, Y q
∗ = 1.4, shown in the right panel of figure 8. While the values for the MCHM5

are very similar, for the MCHM5−14
5 now even 25% of the points feature mmin

2/3 > 1.5 TeV.

This can be understood from the fact that in that case the large top mass allows more

easily larger values of the partner masses, see (2.12), while the correct Higgs mass can still

be obtained via the lepton contributions.
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Figure 9. Mass of the first top partner as a function of the Higgs mass in the MCHM14
5 for

Y q∗ = 0.7 (left plot) and Y q∗ = 1.4 (right plot), where always Y l∗ = 0.35, fπ = 1 TeV, and κ = κ′ = 0.

Lighter points correspond to smaller values of ∆BG and therefore to less tuned points.
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Figure 10. Mass of the first top partner as a function of the Higgs mass in the MCHM14
5 for

Y q∗ = 0.7 (left plot) and Y q∗ = 1.4 (right plot), where always Y l∗ = 0.35, fπ = 1 TeV, and κ = κ′ = 0.

Lighter points correspond to smaller values of mmin
−1 .

For completeness we also present the corresponding predictions for the MCHM14
5 , where

both the left-handed and right-handed leptons are embedded in symmetric representations

of SO(5), in figures 9–11. Note that here we show only the results for fπ = 1 TeV, since

the model generically features larger corrections to the Higgs couplings, compared to the

MCHM5−14
5 -like setup, which has a more efficient protection, as can be seen from the

results of section 3.1.3 and taking into account that the infinite KK sum is saturated to

a large extend by the first mode. As expected, although some numerical details change,

the qualitative behavior is not modified by mixing the (elementary) left handed leptons

with another representation. The fine tuning, depicted in figure 9, is similar to the case of

fπ = 1 TeV examined before, and the same is true for the masses of the τ partners, which

are still not required to be light, see figure 10. In the end, in the MCHM14
5 with fπ = 1 TeV

the top partners can be lifted to high values of mmin
2/3 & 2.5 TeV without going to extreme

corners of the parameter space, see figure 11.
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Figure 11. Survival function Pm of the first top partner mass for Y q∗ = 0.7 (left plot) and

Y q∗ = 1.4 (right plot). In both cases we have plotted the MCHM14
5 (solid green) with Y l∗ = 0.35 vs.

the MCHM5 (dashed red), for κ = κ′ = 0 and fπ = 1 TeV, assuming mH(fπ) = 105 GeV (1±7.5%).

Let us continue with more minimal models of the lepton sector. We start with the

minimal type-III seesaw model mMCHMIII
5 , introduced before - assuming still a Yukawa

suppression due to flavor symmetries or the like, i.e., Y l
∗ = 0.35. We study again the mass

of the lightest Q = 2/3 resonance, as a function of the Higgs mass, which we display in

figure 12, assuming once more Y q
∗ = 0.7 and Y q

∗ = 1.4, as well as fπ = 0.8 TeV. As before,

the tuning ∆BG is visualized by the hue of the points in the mH−mmin
2/3 plane. It is evident

from the plots that this model, as expected, still allows to lift the masses of the lightest

top partner well beyond a TeV, without increasing the tuning. On the contrary, just as

for the MCHM5−14
5 , heavier top partners are more natural in this model (which is not true

for models with negligible impact of the lepton sector). Compared to the MCHM5−14
5 , due

to the Ng-enhanced leptonic contribution in the mMCHMIII
5 , the fraction of the parameter

space featuring mmin
2/3 ∼ (1−2.5) TeV for a viable mH (displayed again by the yellow band)

is however significantly enhanced. Since a considerable portion of these points features a

tuning of ∆BG . (10− 20) the model even allows to reconcile the absence of light partners

with the minimization of the fine tuning.32 Moreover, the masses of the lepton partners

are in general at the high scale mΨ in the type-III seesaw models, as the IR localization of

the right-handed leptons is rather modest (and m` � mt).

For completeness we also examine the mMCHMIII>
5 , i.e., we lift the ‘Yukawa sup-

pression’ so that we now study, in figure 13, the cases of Y l
∗ = Y q

∗ = 0.7 (left plot) and

Y l
∗ = Y q

∗ = 1.4 (right plot), while the other parameters remain as given before. While

the qualitative situation remains similar, now the more pronounced leptonic contribution

leads to a further increase of the average mmin
2/3 in the viable mH region, which however

now features slightly less points. The increase is due to the fact that in this class of models

32Still the model features no “ad-hoc” tuning and the observed mH remains in a rather central region of

the parameter space.
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Figure 12. Mass of the first top partner as a function of the Higgs mass in the mMCHMIII
5 for

Y q∗ = 0.7 (left plot) and Y q∗ = 1.4 (right plot). In both cases we have fixed Y l∗ = 0.35, κ = κ′ = 0,

as well as fπ = 0.8 TeV. Lighter points correspond to smaller values of ∆BG and therefore to less

tuned points.
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Figure 13. Mass of the first top partner as a function of the Higgs mass in the mMCHMIII>
5

for Y l∗ = Y q∗ = 0.7 (left plot) and Y l∗ = Y q∗ = 1.4 (right plot). In both cases we have fixed

κ = κ′ = 0 and fπ = 0.8 TeV. Lighter points correspond to smaller values of ∆BG and therefore to

less tuned points.

the localization of the right handed leptons is mostly fixed by the Majorana masses and

remains constant under changes of Y l
∗ .

The distribution of the partner masses in the minimal lepton models is examined in

more detail in figure 14 where we display the survival function for the first top partner

mass in the mMCHMIII
5 (green solid, left panel) as well as in the mMCHMIII>

5 (green solid,

right panel), employing Y l
∗ = 0.35 and Y l

∗ = 0.7, respectively, always against the one in

the MCHM5 (red-dashed), with Y q
∗ = 0.7, and always fπ = 0.8 TeV. Although the size

of the brane masses is still rather modest, we can see a large relaxation of the need for

light partners. For the case of the mMCHMIII
5 , still & 10% of the parameter space (in
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Figure 14. Survival function Pm of the first top partner mass in the mMCHMIII
5 , with Y l∗ = 0.35

(solid green, left plot) and in the mMCHMIII>
5 , with Y l∗ = 0.7 (solid green, right plot), plotted in

each case vs. the MCHM5 (dashed red). We always assume Y q∗ = 0.7, κ = κ′ = 0, fπ = 0.8 TeV, as

well as mH(fπ) = 105 GeV (1± 7.5%).

agreement with the Higgs mass) features partner masses of even mmin
2/3 & 2 TeV while for

the mMCHMIII>
5 the same holds true for ∼ 20% of the viable points.

Finally, we explore the most minimal of all models of the composite framework studied

in this work, the mMCHMIII>
5−1 . With this model, we expect to leave finally the class of

setups getting along without any ad-hoc tuning. The contribution αl due to the leptons

in the symmetric representation of SO(5) is now required to cancel to a significant extend

the sizable contribution of the top quark to allow for EWSB and, as discussed in section 2,

the now also large βl will generically lead to a relatively large mH .33 Indeed, we inspect

in figure 15, which shows again ∆BG in the mH − mmin
2/3 plane, assuming fπ = 0.8 TeV,

that for very light Higgs masses the tuning raises strongly, already for the lower brane

masses. However, although the model belongs to the category of ad-hoc tuning, in the

end the situation is still not so bad and the correct Higgs mass can be reached with a

modest tuning of ∆BG ∼ (30 − 40) in the case of Y q
∗ = Y l

∗ = 0.7 (left panel), while

even for Y q
∗ = Y l

∗ = 1.4 (right panel) the corresponding tuning is rather moderate, about

∆BG ∼ (40 − 80). As explained before, the increase is not excessive in particular due

to the option of a relatively fully composite tR, not contributing to V (h) in this setup,

which in turn allows for a less IR localized tL and thus a reduced quark contribution to

the Higgs potential. As is clearly visible from the plot, the model does not even feature

ultra light partners below a TeV anywhere in its parameter space - the discovery of such

states could exclude the mMCHMIII>
5−1 . The corresponding survival functions, depicted by

33While already in the intermediate case of the mMCHMIII>
5 the leptonic contribution could be large,

the model still allowed for more freedom, compared to the mMCHMIII>
5−1 , which has less parameters and

where a sizable leptonic contribution to β is unavoidable due to the large top mass. However, compared to

the mMCHMIII>
5 , the even more natural mMCHMIII

5 seems to be the preferred way out of the light partner

issue with a light Higgs.
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Figure 15. Mass of the first top partner as a function of the Higgs mass in the mMCHMIII>
5−1 with

Y l∗ = Y q∗ = 0.7 (left plot) and Y l∗ = Y q∗ = 1.4 (right plot). In both cases we have again taken

κ = κ′ = 0 and fπ = 0.8 TeV. Lighter points correspond to smaller values of ∆BG and therefore to

less tuned points.
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Figure 16. Survival function Pm of the first top partner mass in the mMCHMIII>
5−1 with Y l∗ =

Y q∗ = 0.7 (solid green, left plot) and Y l∗ = Y q∗ = 1.4 (solid green, right plot), plotted in each case

vs. the MCHM5 (dashed red) with Y q∗ = 0.7 and Y q∗ = 1.4, respectively. In both cases we assume

κ = κ′ = 0, fπ = 0.8 TeV, as well as mH(fπ) = 105 GeV (1± 7.5%).

the solid green lines in figure 16, do not drop under 5% even until mmin
2/3 & 3 TeV both for

Y l
∗ = Y q

∗ = 0.7 (left plot) and Y l
∗ = Y q

∗ = 1.4 (right plot).

After presenting the numerical results for the models that allow to lift the top-partner

masses via significant leptonic contributions, we now want to compare them quantitatively

to models that employ a 14 in the quark sector to lift the partner masses. For these models

we expect in general a sizable ad-hoc tuning, as explained in section 2. We start with the

MCHM14, where both top chiralities mix with a 14 of SO(5). Looking at the mH −mmin
2/3

plane presented in figure 17, we can on the one hand see explicitly the option to lift the

lightest top partners beyond a TeV in part of the parameter space. On the other hand,
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Figure 17. Mass of the first top partner as a function of the Higgs mass in the MCHM14 for

Y ∗q = 0.7 (left) and Y ∗q = 1.4 (right). In both cases we have assumed fπ = 0.8 TeV and κ = κ′ = 0.

Lighter points correspond to smaller values of ∆BG and therefore to less tuned points.
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Figure 18. gg → H cross section normalized to the SM value as a function of the Higgs mass in the

MCHM14 for Y ∗q = 0.7 (left) and Y q∗ = 1.4 (right). In both cases we have assumed fπ = 0.8 TeV and

κ = κ′ = 0. The red color indicates points that deviate by more than 35% from the SM prediction.

the significant ad-hoc tuning in this model also becomes apparent. Not only is the generic

scale of the Higgs mass raised to mH ∼ 300 GeV and beyond (cf. (2.44)), in particular a

Higgs around mH ∼ 100 GeV leads in general to a large tuning of ∆BG ∼ O(50 − 100)

in the case of Y ∗q = 0.7 (left panel), while Y q
∗ = 1.4 (right panel) leads generically to

∆BG ∼ O(50− 200), where we again employed fπ = 0.8 TeV.

Moreover, remember that this model induces large corrections to the SM Higgs cou-

plings, in particular the gg → H cross section receives sizable changes, as shown in sec-

tion 3.1.3. The numerical predictions for σgg→H , normalized to the SM value, are given

in figure 18 with analogous parameters as before. We can see that most of the parameter

space features large corrections of more than 35%, as indicated by the red color. Thus,
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this solution to the light-partner issue seems indeed already to be disfavored from Higgs

physics at the LHC.

We now move forward to the more economical model of mixing the tL with a 14,

while the tR mixes with a singlet, i.e. the MCHM14−1. In that case, it turns out that one

needs brane-localized fermion kinetic terms κqB, κ
q
T > 0 to allow for a non-vanishing αt,

see section 3.1.3. Once more we however also expect to be able to lift the top-partner

masses beyond the TeV scale, again at the price of a non-negligible ad-hoc tuning via

the sizable quark contribution to β, which due to the 1R should however again be more

moderate than before, comparable to the case of the mMCHMIII>
5−1 . Indeed, this picture is

supported from the mmin
2/3 vs. mH plots presented in figure 19a, where we see that, while

still light partners are possible, in a large part of the viable parameter space they are

lifted to the ∼ 2 TeV scale, both for Y q
∗ = 0.7 (left plot) and Y q

∗ = 1.4 (right plot), where

always fπ = 0.8 TeV. Although the density of points in our scan gets slightly more diluted

approaching the experimental Higgs mass, compared to the MCHM5, the yellow band can

be reached relatively easily with a moderate tuning of ∆BG ∼ (30 − 40), comparable to

the case of the mMCHMIII>
5−1 . Nevertheless, the numbers show that this ad-hoc tuning is in

general somewhat more severe than the “double tuning” of the MCHM5 or the mMCHMIII
5 .

We examine this behavior more quantitatively in figure 19b, confronting the fine tuning

of the MCHM14−1 and the mMCHMIII>
5−1 with that of the mMCHMIII

5 , which can completely

avoid the ad-hoc tuning, employing Y q
∗ = 0.7, fπ = 0.8, as well as lepton brane masses

as before. In the left panel we display the survival function P∆, describing the fraction

of points with a given fine-tuning larger or equal to the value of ∆BG on the x-axis, for

all points in the viable Higgs-mass band. This confirms clearly that, while the general

tuning in both the mMCHM14−1 and the mMCHMIII>
5−1 is moderate - P∆ starts to drop

considerably below 1 around ∆BG & 25 - the drop in the mMCHMIII
5 already starts at

∆BG & 10, improving the tuning by a factor of 2 to 3. The difference becomes even

more apparent once we use the constraint mmin
2/3 > 1 TeV, employed in the right panel of

figure 19b, which ensures the absence of light partners. As explained before, this selects

the points with the smallest tuning within the mMCHMIII
5 , opening for the first time the

parameter space to allow for a minimal tuning of even less than 10% while at the same

time not predicting ultra-light partners. While already this model provides a motivation

for the appearance of a symmetric representation of SO(5) and does not introduce many

new particles, a big virtue of the mMCHMIII>
5−1 on the other hand is its highest degree of

minimality and naturalness. This is true in the quark sector, embedding each SM fermion

in the most minimal SO(5) multiplet one can think of (respecting custodial protection

of the Z couplings), as well as in the lepton sector, where it provides the most minimal

realization of the type-III seesaw, leading to the least number of dof in the full fermion

sector for viable models. Obviously, raising top partners via this model is possible in a

much more minimal way than in the MCHM14−1, which adds many colored dof at the TeV

scale, while the amount of tuning remains the same.
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(b) Survival function P∆ for the fine tuning ∆BG in the MCHM14−1 (dotted blue), mMCHMIII>
5−1 with

Y l∗ = 0.7 (dashed red), and mMCHMIII
5 with Y l∗ = 0.35 (solid green), always employing Y q∗ = 0.7. In the left

panel we show the full parameter range in agreement with mH , while in the right we require mmin
2/3 > 1 TeV.

Figure 19. Fine tuning ∆BG in the MCHM14−1 (figure 19a) as well as compared to the minimal

models of lepton compositeness (figure 19b). We always employ κ = κ′ = 0 and fπ = 0.8 TeV

4 Conclusions

We have presented a comprehensive survey of the impact of different realizations of the

fermion sector on the potential of the composite SO(5)/SO(4) Higgs. Putting a special

emphasis on the lepton sector, mostly neglected in other studies, we presented new models

that allow to lift the masses of the lightest top partners well above the region currently

probed by the LHC in a way orthogonal to previous studies, i.e. without a significant en-

largement of the colored fermion sector and, as such, not sacrificing the prediction of a fully

natural light Higgs. In particular, we pointed out the possible minimality of this solution

by presenting the mMCHMIII-type models, which, although featuring a symmetric repre-

sentation of SO(5), allow for less new particles than e.g. the standard MCHM5, by unifying
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both left-handed and right-handed SM-leptons in a single multiplet, respectively. We also

demonstrated how, in contrast to the quark sector, the lepton sector provides a compelling

motivation for the emergence of a symmetric representation via the seesaw mechanism and

how the mMCHMIII
5 allows to reconcile the absence of light partners with a minimal tuning.

It is indeed the particular type-III seesaw, explored for the first time, that allows the unifi-

cation of the right-handed lepton fields - for quarks the SU(2) breaking masses and/or the

quantum numbers do not allow for a similar mechanism. We thus provided the first example

of a composite model that can describe a full fermion sector with only two composite fields.

Indeed, in the case of no discovery of light top partners rather soon after the restart of

the LHC (with O(100 fb−1)), this class of models with non-negligible leptonic effects could

furnish the only economical composite models that are still compatible with a minimal

tuning of not more than 10%. Although here the sizable contribution of the lepton sector

to the Higgs mass has a quite different origin from the sizable top quark contribution (i.e.,

it is not caused by a large mf ), the setup still intertwines the flavor and/or neutrino-

mass structure with the Higgs potential. In particular, models with pronounced leptonic

effects do not suffer from large corrections in Higgs production, which, as we demonstrated

explicitly, already challenge the MCHM14. To exclude the bulk of the parameter space

of the models featuring a symmetric representation in the lepton sector directly via top

partner searches would be challenging, even at the HL-LHC with 3000 fb−1, which has a

reach of roughly 1.7 TeV [68, 69]. A 100 TeV collider on the other hand is expected to probe

the full parameter space of natural models as discussed here. Indirect detection via the

modification of the Higgs couplings, e.g. in channels involving leptons, or the search for color

octet resonances could be alternative options to unveil signs of the models. The impact

on lepton flavor, which might require some additional model building, will be investigated

elsewhere [70]. However, let us already note that all setups considered here feature a first

layer of flavor protection since the right-handed leptons come with a custodial protection

due to the PLR symmetry, while the left-handed ones are rather strongly UV localized, i.e.,

they feature a very small compositeness. Since the lepton sector, which needs to be included

in a fully realistic composite model, allows to construct minimal models with minimal

tuning and a naturally light Higgs, that do not predict light top partners, the absence of

corresponding LHC signals should not threaten the idea of the minimal composite Higgs.
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A Generators and explicit form of Goldstone matrix

The generators of SO(5) in the fundamental representation read

T aL,ij = − i
2

[
1

2
εabc

(
δbi δ

c
j − δbjδci

)
+
(
δai δ

4
j − δaj δ4

i

)]
, a = 1, 2, 3,

T aR,ij = − i
2

[
1

2
εabc

(
δbi δ

c
j − δbjδci

)
−
(
δai δ

4
j − δaj δ4

i

)]
, a = 1, 2, 3, (A.1)

T âij = − i√
2

[
δâi δ

5
j − δâj δ5

i

]
, â = 1, 2, 3, 4,

which have been chosen orthonormal with respect to the Cartan-Killing inner product, i.e.

Tr(Tα ·T β) = δαβ , for all Tα, T β ∈ {T aL, T aR, T â}. As [T 3
L, T

3
R] = 0 we can go to a new basis

where both generators are diagonal at the same time. This will make the explicit form of

the fermion representations much simpler. To this end, we perform the rotation

T → A ·T ·A†, with T ∈ {T aL, T aR, T â}, (A.2)

where A is the unitary matrix

A =
1√
2



1 −i 0 0 0

0 0 −i 1 0

0 0 i 1 0

−1 −i 0 0 0

0 0 0 0
√

2


. (A.3)

The previous set of generators, together with the identity, can be extended to span a

basis of the linear space of square matrices of order n over the complex field C, FL(n,C).

In particular, in the basis of (A.1), this can be done by adding the following set of matrices

T̃ âij =
1√
2

[
δâi δ

5
j + δâj δ

5
i

]
, â = 1, 2, 3, 4, (A.4)

T̃ âb̂ij =
1√
2

[
δâi δ

b̂
j + δâj δ

b̂
i

]
, â < b̂ ∈ {1, 2, 3, 4}, (A.5)

T̃ aaij = δâi δ
â
j + δ4

i δ
4
j −

1

2
δij +

1

2
δ5
i δ

5
j , a = 1, 2, 3, (A.6)

T̃ sij =
1

2
√

5
diag(1, 1, 1, 1,−4), (A.7)

that can be collectively denoted by T̂A ∈ {T̃ âb̂, T̃ aa, T̃ â, T̃ s}.

B Fermion representations

B.1 Fundamental

The fundamental representation of SO(5) decompose under SO(4) ∼= SU(2)L × SU(2)R as

5 = (2,2) ⊕ (1,1). More explictly, in the basis given by the transformation (A.2), a field

χ5 transforming under this representation will read

χ5 = χ(2,2) + χ(1,1), (B.1)
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with

χ(2,2) =



χ
(2,2)
++

χ
(2,2)
−+

χ
(2,2)
+−

χ
(2,2)
−−

0


, χ(1,1) =



0

0

0

0

χ
(1,1)
s


. (B.2)

In the above equation the first and second subscripts ± on the χ(2,2) fields correspond to

T 3
L = ±1/2 and T 3

R = ±1/2, respectively.

B.2 Adjoint

Similarly, the adjoint representation of SO(5) decomposes as 10 = (3,1)⊕ (1,3)⊕ (2,2).

Still in the same basis, a field χ10 transforming under this representation will read

χ10 = χ(3,1) + χ(1,3) + χ(2,2), (B.3)

where

χ(3,1) =



1
2χ

(3,1)
0 − i√

2
χ

(3,1)
+ 0 0 0

i√
2
χ

(3,1)
− −1

2χ
(3,1)
0 0 0 0

0 0 1
2χ

(3,1)
0 − i√

2
χ

(3,1)
+ 0

0 0 i√
2
χ

(3,1)
− −1

2χ
(3,1)
0 0

0 0 0 0 0


, (B.4)

χ(1,3) =



1
2χ

(1,3)
0 0 i√

2
χ

(1,3)
+ 0 0

0 1
2χ

(1,3)
0 0 i√

2
χ

(1,3)
+ 0

− i√
2
χ

(1,3)
− 0 −1

2χ
(1,3)
0 0 0

0 − i√
2
χ

(1,3)
− 0 −1

2χ
(1,3)
0 0

0 0 0 0 0


, (B.5)

χ(2,2) =
1√
2



0 0 0 0 −iχ(2,2)
++

0 0 0 0 −χ(2,2)
−+

0 0 0 0 χ
(2,2)
+−

0 0 0 0 iχ
(2,2)
−−

iχ
(2,2)
−− −χ(2,2)

+− χ
(2,2)
−+ −iχ(2,2)

++ 0


, (B.6)

and the subscripts ±, 0 on χ(3,1) (χ(1,3)) correspond to T 3
L = ±1, 0 (T 3

R = ±1, 0), respec-

tively.

B.3 Symmetric

Finally, we consider the symmetric representation of SO(5), 14, decomposing under SO(4)

as 14 = (1,1)⊕ (2,2)⊕ (3,3). A field χ14 transforming under this representation can be
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expressed in the basis given by (A.2) as

χ14 = χ(0,0) + χ(2,2) + χ(3,3), (B.7)

with

χ(0,0) = χ(0,0)
s

1

2
√

5
diag(1, 1, 1, 1,−4), (B.8)

χ(2,2) =
1√
2



0 0 0 0 χ
(2,2)
++

0 0 0 0 χ
(2,2)
−+

0 0 0 0 −χ(2,2)
+−

0 0 0 0 −χ(2,2)
−−

χ
(2,2)
−− −χ(2,2)

+− χ
(2,2)
−+ −χ(2,2)

++ 0


, (B.9)

and

χ(3,3) =



−1
2χ

(3,3)
00

1√
2
χ

(3,3)
+0

1√
2
χ

(3,3)
0+ −χ(3,3)

++ 0

− 1√
2
χ

(3,3)
−0

1
2χ

(3,3)
00 χ

(3,3)
−+ − 1√

2
χ

(3,3)
0+ 0

− 1√
2
χ

(3,3)
0− −χ(3,3)

+−
1
2χ

(3,3)
00 − 1√

2
χ

(3,3)
+0 0

χ
(3,3)
−−

1√
2
χ

(3,3)
0−

1√
2
χ

(3,3)
−0 −1

2χ
(3,3)
00 0

0 0 0 0 0


. (B.10)

Analagously, the first and second subscripts ±, 0 in χ(3,3) correspond to T 3
L = ±1, 0 and

T 3
R = ±1, 0, respectively.
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