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We study electroweak symmetry breaking in minimal composite Higgs models SUð4Þ=Spð4Þwith purely
fermionic UV completions based on a confining hypercolor gauge group and find that the extra Higgs
potential from the underlying preon mass can destruct the correlation between the mass of Higgs and
composite partners. Thus, the composite partners can be very heavy for successful electroweak symmetry
breaking without enhancing the separation between the new physical scale and Higgs vacuum expectation
value. So this kind of model can be easily realized by ordinary strong dynamics theories without artificial
assumptions and, more likely, consistent with lattice simulations. The UV completion of partial
compositeness predicts a light singlet Goldstone boson, which interacts with QCD and electroweak gauge
bosons throughWess-Zumino-Witten terms. It can be produced through gluon fusion at LHC and decay into
gauge boson pairs. We briefly discuss its phenomenology and derive its bounds from LHC searches.
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I. INTRODUCTION

The naturalness of the Higgs potential is one of the most
profound problems in particle physics. To solve this
problem, new physics should be introduced to stabilize
the Higgs potential. Among these new physics theories, the
composite Higgs model (CHM) [1–4] is currently the most
popular. In this model, the Higgs boson is a composite
pseudo Nambu-Goldstone boson (PNGB), so it is insensi-
tive to other physical scales, such as the Planck scale, and
thus big hierarchy between electroweak symmetry breaking
(EWSB) and the Planck scale can be achieved.
In ordinary CHMs, the Higgs potential is assumed to be

only from top and gauge loop corrections. To regularize the
Higgs potential and achieve a light Higgs, some composite

partners should be introduced to collectively break Higgs
shift symmetry or realize maximal symmetry, such as
warped extra dimensions [5–7], little Higgs [4], and
maximal symmetric CHMs [8,9], which results in strong
correlation between the mass of Higgs and composite
partners. So there always exists anomalously light top
partners, around PNGB decay constant scale f, for light
Higgs [10–12]. This special spectrum pattern of composite
resonances, very different from QCD (the only observed
strong dynamics in nature), requires some artificial ultra-
violet (UV) completions. Moreover, the existing lattice
simulations on some confining theories do not support this
spectrum pattern [13,14], which makes constructing UV
completions of ordinary CHMs very challenging.
There is the kind of CHMs that is supposed to have

fermionic UV completions based on a confining hypercolor
gauge group GHC [15–21]. These UV completions contain
two species of underlying Weyl fermions called preons, Q
(QCD neutral and electroweak charged) and χ (QCD
colored). The confinement of the gauge group GHC will
induce the spontaneously global symmetry breaking in the
preon sector, generating PNGBs. The doublet PNGBs
composed by Q can be treated as Higgs bosons. The
colored fermionic bound states with wave function QQχ or
Qχχ can play the role of the top partners, which serves as
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UV completion of the partial compositeness [22]. With this
setup, there are three types of CHMs with symmetric
coset space in the EWSB sector: SUðNQÞ=SOðNQÞ,
SUðNQÞ=SpðNQÞ, and SUðNQ=2Þ2=SUðNQ=2Þ (NQ is
the number of chiral preon Q), corresponding to Q in
the real, pseudoreal, and complex representations of GHC.
In this work, we study EWSB in the minimal CHMs with

global symmetry breaking pattern SUð4Þ=Spð4Þ ≅
SOð6Þ=SOð5Þ [16–18,20,21] in the Q sector. If preons
Q are massive, the Higgs potential will get extra contri-
butions from Q mass naturally. This extra potential can
trigger EWSB in a different way together with the Higgs
potential from the top and gauge sectors. Significantly, the
correlation between the mass of Higgs and composite
partners is lost (Higgs mass is only related to the scale
difference between the partners of top and electroweak
gauge bosons); thus we can get heavy composite partners
(they can be as heavy as the confinement scale ∼4πf at the
cost of more fine-tuning) and light Higgs without enhanc-
ing the separation between the Higgs vacuum expectation
value (VEV) and scale f. So these kinds of CHMs with
heavy fermionic and vector resonances can be easily
realized by ordinary strong dynamic theories, such as
GHC ¼ Spð2NHCÞ with 2NHC ≤ 36 [15], and consistent
with lattice simulations, unlike ordinary CHMs.
Besides the extra single scalar η in the EWSB sector,

which is extensively discussed [23–25], this model predicts
another singlet PNGB σ associated with Uð1Þσ global
symmetry [26], which is the subgroup of Uð1ÞQ and Uð1Þχ
(overall phase of preon Q and χ). This Uð1Þσ is anomaly
free under GHC, so σ can be light and crucial for testifying
the partial compositeness. This singlet can interact with SM
gauge fields (such as gluons) throughWess-Zumino-Witten
(WZW) terms. So this singlet can be produced through
gluon fusion at LHC and then decay into gauge boson pairs.
We briefly discuss its phenomenology at LHC and derive
its bounds for different UV completions.
The paper is organized as follows. In Sec. II, we build the

concrete UV completions for CHMs based on a confining
hypercolor gauge group GHC. In Sec. III, we calculate the
Higgs potential from preon masses and top and gauge
boson loops in two cases: ordinary and minimal maximal
symmetric CHMs. In Sec. IV, we study EWSB in the Higgs
potential and discuss the fine-tuning. We find that heavy
top partners can be achieved. In Sec. V, we discuss the
phenomenology of σ at LHC and derive its bounds. We
conclude in Sec. VI. The Appendixes contain details about
top partner multiplets, the form factors in the effective
Lagrangian, descriptions of the gauge sector, and the mass
of QCD neutral and QCD colored PNGBs.

II. THE MODEL

The consistent UV completions of CHMs with partial
compositeness are limited [15] if some consistent

conditions are imposed, such as asymptotic freedom and
free of anomalies. In this work, we study the CHM with
global symmetry breaking pattern SUðNQÞ=SpðNQÞ in the
Q sector and SUðNχÞ=SOðNχÞ in the χ sector. The global
symmetry breaking pattern can thus determine that the
hypercolor group in the UV completion can only be GHC ¼
Spð2NHCÞ with 2NHC ≤ 36 or GHC ¼ SOðNHCÞ with
NHC ¼ 11, 13 [15]. For simplicity, we focus on the minimal
case, where NQ ¼ 4 and Nχ ¼ 6. The Standard Model
(SM) custodial symmetry SUð2ÞL × SUð2ÞR ⊂ SUð4Þ
[hypercharge is embedded in SUð2ÞR] and QCD SUð3Þc ⊂
SUð6Þ are embedded in the global symmetry as

SUð4Þ ⊃ SUð2ÞL ⊗ SUð2ÞR∶ 4 ¼ ð2; 2Þ;
SUð6Þ ⊃ SUð3Þc∶ 6 ¼ 3 ⊗ 3̄: ð1Þ

The details of the UV completion of this model are
summarized in Table I, where we list the SM quantum
numbers of the two species of chiral preons (left-handed
Weyl fermion):Q1;…;4, χ1;…;6. Under this underlying strong
dynamics, the global symmetry is Uð1Þχ × SUð4Þ×
Uð1ÞQ × SUð6Þ, where Uð1Þχ;Q is associated with the
universal phase of preons χ (Q) and is broken to
Spð4Þ × SOð6Þ. One subgroup of the Abelian group
Uð1Þχ ×Uð1ÞQ has an anomaly with hypercolor GHC

symmetry, and the corresponding PNGB mass is generally
at the cutoff scale, whereas the PNGB associated with the
anomaly-free subgroup Uð1Þσ of Uð1Þχ ×Uð1ÞQ can be
light, which is defined by the following Uð1Þσ charge
assignment of the preons [26]:

qQ ¼ NχTχ ; qχ ¼ −NQTQ; ð2Þ

where NQ;χ is the number of Weyl fermions Q=χ (NQ ¼ 4

and Nχ ¼ 6 in this model) and TQ;χ is the Dynkin index of
hypercolor gauge group representation of Q=χ. So in this
model, the total number of light Nambu-Goldstone bosons
(NGBs) at a lower energy scale is

26 ¼ 1þ 5þ 20; ð3Þ

where 1 is from Uð1Þσ breaking, 5 from SUð4Þ=Spð4Þ, and
20 from SUð6Þ=SOð6Þ. Before identifying the quantum

TABLE I. Quantum numbers of the Weyl preons under the
gauge group GHC × SUð3Þc × SUð2ÞL × Uð1ÞY and global sym-
metry Uð1Þσ. The hypercharge is Y ¼ T3

R þ X where X is
embedded in the unbroken SOð6Þ with X ¼ diagf2=3; 2=3;
2=3;−2=3;−2=3;−2=3g. F, A, and spin mean fundamental,
two-index antisymmetric, and spinorial representation of GHC,
respectively.

Spð2NHCÞ=SOðNHCÞ SUð3Þc SUð2ÞL×SUð2ÞR Uð1Þσ
Q1;…;4 F/spin 1 ð2; 1Þ ⊕ ð1; 2Þ qQ
χ1;…;6 A/F 3 ⊕ 3̄ 1 qχ
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number of these NGBs, we should choose consistent
condensations of the underlying preons. Since the con-
densations in the Q (χ) sector are in the antisymmetric
(symmetric) representation of global symmetry SUð4Þ
[SUð6Þ], we can choose the condensation of Q and χ to
be SM gauge invariant [27],

ΣQ0 ¼
�
iσ2 0

0 −iσ2

�
; Σχ0 ¼

�
0 13×3

13×3 0

�
; ð4Þ

which will break the global SUð4Þ ×Uð1Þσ to Spð4Þ in the
electroweak sector and SUð6Þ ×Uð1Þσ to SOð6Þ in the χ
sector. So the quantum number of the NGBs under
SUð3Þc × SUð2ÞL × SUð2ÞR ×Uð1ÞX is

SUð4Þ=Spð4Þ∶ πQ¼ð1;2;2Þ0þð1;1;1Þ0;
Uð1Þσ∶ σ¼ð1;1;1Þ0;

SUð6Þ=SOð6Þ∶ πχ ¼ð8;1;1Þ0þð6;1;1Þ4
3
þð6̄;1;1Þ−4

3
; ð5Þ

where the subscript represents Uð1ÞX charge assignment.
Uð1ÞX is the subgroup of SOð6Þ with embedding X ¼
diagf2=3; 2=3; 2=3;−2=3;−2=3;−2=3g and the hyper-
charge is defined as Y ¼ T3

R þ X where T3
R is the third gen-

erator of SUð2ÞR. Since SUð4Þ=Spð4Þ and SUð6Þ=SOð6Þ
are symmetric coset spaces, we can define its automor-
phism map

T → −VTTVT ⇒ U → VU�VT; ð6Þ

where T is the broken generators in SUð4Þ=Spð4Þ or
SUð6Þ=SOð6Þ coset space, and V is the VEV of
SUð4Þ=Spð4Þ or SUð6Þ=SOð6Þ. U is the Goldstone matrix
fields for SUð4Þ=Spð4Þ or SUð6Þ=SOð6Þ. So the linearly
realized sigma field Σ and its transformation under global
SUðNÞ symmetry is

Σ≡UVUT ¼ U2V ⇒ Σ → gΣgT; g ∈ SUðNÞ: ð7Þ

The linearly realized sigma in our model can be para-
metrized as

UQ;χ ¼ eiΠQ;χ ; ΣQ;χ ¼ U2
Q;χΣQ0;χ0; ð8Þ

ΠQ ¼ cosϕ
σ

2fQ
14 þ

ffiffiffi
2

p
πâQ
f

Tâ;

Πχ ¼ sinϕ
σffiffiffi
6

p
fχ

16 þ
ffiffiffi
2

p
πÂχ

f6
TÂ; ð9Þ

where fQ;χ ; f, and f6 are the decay constants of the
Goldstone bosons associated with Uð1ÞQ;χ , SUð4Þ=Spð4Þ,
and SUð6Þ=SOð6Þ, and Tâ;Â are the SUð4Þ=Spð4Þ
[SUð6Þ=SOð6Þ] broken generators with normalization

Tr½TaTb� ¼ δab=2. ϕ parametrizes the direction of the
anomaly-free Uð1Þσ subgroup of Uð1ÞQ ×Uð1Þχ , with
value tanϕ≡ fχqχ=ðfQqQÞ [28]. Generally, the Uð1ÞQ;χ

broken scale fQ;χ and SUð4Þ [SUð6Þ] broken scale are
determined by the underlying dynamics. In the above
Goldstone matrix, for simplicity, we can choose proper
Uð1ÞQ;χ charge assignment of the underlying preons to fix
fQ;χ as in the following:

fQ ¼ f; fχ ¼ f6: ð10Þ

Notice that this choice does not affect EWSB and the
relevant phenomenology. Next, we will focus on the
electroweak sector. The Goldstone bosons associated with
SUð4Þ=Spð4Þ can be identified as a Higgs doubletH and an
extra single η,

ð1; 2; 2Þ0 ⊕ ð1; 1; 1Þ0 ¼ H ⊕ η: ð11Þ

After EWSB, only the physical Higgs h and singlet η
remains, so, in the unitary gauge, the explicit form of the
Goldstone matrix is (since single σ is neutral under SM
gauge interactions, we can neglect it for simplicity)

UQ ¼
 ðc0 þ i η

πQ
s0Þ12 iσ2 h

πQ
s0

iσ2
h
πQ
s0 ðc0 − i η

πQ
s0Þ12

!
; ð12Þ

where πQ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2 þ η2

p
, c0 ¼ cos ðπQ=ð2fÞÞ, and s0 ¼

sin ðπQ=ð2fÞÞ, and σ2 is the second Pauli matrix.
The covariant kinetic term for these PNGBs is

Lg ¼
f2

8
Tr½ðDμΣQÞ†DμΣQ�; ð13Þ

from which we can extract the mass of W boson if Higgs
acquires a VEV (the gauge interactions preserve η shift
symmetry so the VEV of singlet η does not affect EWSB
and, in the rest of this paper, we always assume its VEV is
zero)

m2
W ¼ 1

4
g2f2 sin2

hhi
f

: ð14Þ

So we can find the relation between the EWSB scale and
global symmetry breaking scale f,

ξ≡ s2h ¼
v2SM
f2

; vSM ¼ 246 GeV; ð15Þ

where sh ≡ sin ðhhi=fÞ.
In this work, we only focus on the EWSB in this minimal

CHM and its relevant phenomenology. Since the colored
PNGBs in the χ sector can be heavy enough to escape
experimental search without affecting EWSB, which are
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extensively discussed in [27], we will not discuss them in
the main text (more details about these colored PNGBs are
shown in Appendix E).

III. HIGGS POTENTIAL

In this section, we analyze the Higgs potential and
EWSB based on the above UV completion. In CHMs,
the potential of PNGBs is generated by interaction terms
that explicitly break global symmetry. In ordinary CHMs, it
is expected that the SM gauge interaction and top Yukawa
couplings are the primary sources contributing to PNGB
potential. However, we can introduce another vital con-
tribution from the preon’s mass terms to PNGB potential in
this model. This contribution will bring significant mod-
ifications to the PNGB Higgs potential.
We want to emphasize again that, since the PNGB η and

σ are electroweak (EW) singlets, their VEV does not affect
EWSB. Moreover, we will see that the quadratic terms of
their potential can be easily kept positive without fine-
tuning. So without loss of generality, we always choose
hηi ¼ 0 and hσi ¼ 0 in the following discussions.

A. PNGB potential from preon mass terms

In this model, the underlying preons can be massive,
which will result in the PNGBs potential, like quark masses
in QCD. In this subsection, we will discuss the contribu-
tions of the mass of preon Q to the Higgs potential. The
most general gauge invariant mass terms of preon Q that
preserve custodial symmetry are given by

Lmass ¼ QT
i Σ

ij
mQQj þ H:c:; ð16Þ

where ΣmQ
is the mass matrix,

ΣmQ
¼
�
imQ1

σ2 0

0 −imQ2
σ2

�
: ð17Þ

This mass matrix transforms under global symmetry
SUð4Þ as

ΣmQ
→ g�QΣmQ

g†Q; ð18Þ

where gQ is the SUð4Þ element. According to global
symmetry of the mass terms, the PNGBs potential gen-
erated by preon masses can be obtained by

Vm ¼ −CQf3Tr½ΣmQ
:ΣQ� þ H:c:

¼ 8CQmQf3 cos

�
σ cosϕ

f

�
cos

�
πQ
f

�

− 8CQΔmQ
f3

η

πQ
sin

σ cosϕ
f

sin
πQ
f

; ð19Þ

where we have defined

mQ ¼ mQ1
þmQ2

2
; ΔmQ

¼ mQ1
−mQ2

2
: ð20Þ

Notice that CQ ∼ hQQi=ð16π2f3Þ is an unknown form
factor determined by underlying hypercolor dynamics [16],
which can be positive or negative. Generally, besides its
potential from Q masses, the potential of singlet σ can also
be from the mass of χ; more details can be found in
Appendix D.

B. PNGB potential from fermion loops

As in ordinary CHMs, the PNGB Higgs potential can
also get contributions from the top loop. In this model, the
UV completion constrains the top partners to be in the 6 or
10 or 1 representation of SUð4Þ. Their wave functions and
quantum number under SUð4Þ × SUð6Þ are

ψ1 ¼ χQQ ∈ ð6; 6Þ; ψ2 ¼ χQ̄ Q̄ ∈ ð6̄; 6Þ;
ψ3 ¼ Qχ̄ Q̄ ∈ ð1; 6̄Þ; ψ4 ¼ Qχ̄ Q̄ ∈ ð15; 6̄Þ: ð21Þ

Notice that, since composite partner ψ3 is a global SUð4Þ
singlet, it cannot mix with the top doublet. For the most
general case, top fields can mix with the other three top
partner multiplets at the same time. However, in this work,
since we focus on the Higgs potential and these kinds of
mixings do not change the basic property of the PNGB
Higgs potential, we work on the case where top quarks only
mix with one multiplet of top partners through some
specific dynamics, so the shift symmetry of σ is always
unbroken in this case [29]. In the following discussions, we
only focus on the simplest case in which the top quark only
mixes with top partners in the 6 representation of SUð4Þ.
Actually, the top quark singlet tR can mix with the top
partners in two ways: one is that tR is embedded in the 6
representation of global SUð4Þ to mix with the operator ψ1;
the other is that tR is a global SUð4Þ singlet and directly
mixes with the Spð4Þ singlet component of ψ1. These two
cases can result in two different types of the Higgs potential
if maximal symmetry (MS) exists in the composite sector
(corresponding to ordinary MS and minimal MS cases,
respectively) [30]. In the rest of this subsection, we will
discuss these two cases.

1. Ordinary maximal symmetry

The left-handed fermionic operators ψ1 can be decom-
posed under unbroken subgroup Spð4Þ×SUð3Þc×Uð1ÞX as

ð6; 6Þ ¼ ð5; 3; 2=3Þ þ ð5; 3̄;−2=3Þ
þ ð1; 3; 2=3Þ þ ð1; 3̄;−2=3Þ

≡Ψ5L þ Ψc
5R þΨ1L þ Ψc

1R; ð22Þ

where the superscript c represents charge conjugation. The
contents of these multiplets can be found in Appendix A.
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In order to mix with these partners, top doublet and singlet,
qL and tR, should be embedded in 6 of SUð4Þ and the
embeddings can be chosen as

ΨqL ¼ 1ffiffiffi
2

p
�

0 QqL

−QT
qL 0

�
; QqL ¼

�
tL 0

bL 0

�
;

Ψc
tR ¼ tcR

2

�−iσ2 0

0 iσ2

�
; ð23Þ

where tcR is written in the left-handed form. Notice that the η
shift symmetry is unbroken under these top embeddings.
According to the transformation properties of the fields, the
most general mixing terms between the SM fermions and
the top partners’ invariant under SUð4Þ global symmetry
can be obtained

Lmix ¼ −λLfTr½ΨqLUQðΨc
5R þ ϵLΨc

1RÞUT
Q�

− λRfTr½Ψc
tRUQðΨ5L þ ϵRΨ1LÞUT

Q�
−M5Tr½Ψ5LΣQ0Ψc

5RΣQ0�
−M1Tr½Ψ1LΣQ0Ψc

1RΣQ0� þ H:c:; ð24Þ

where ϵL;R parametrizes the mixing strength between top
partner multiplet Ψc

1 (Ψ1) with elementary top fields. To
reduce the fine-tuning in the Higgs potential for successful
EWSB, the Higgs potential should be finite. To achieve
this, we can assume that there is a global symmetry
SUð4Þ MS, which is different from Higgs shift symmetry
in the composite sector by the following requirements:

ϵL;R ¼ 1; M ≡M1 ¼ M5: ð25Þ

Under this condition, we can get the ordinary maximal
symmetric model, similar to [8,9]. After integrating out the
heavy top partners, we can get the top quark effective
Lagrangian with the simplest form,

Leff ¼ Πq
0ðpÞTr½Ψ̄qLpΨqL � þ Πt

0ðpÞTr½Ψ̄c
tRpΨc

tR �
þMt

1ðpÞTr½ΨqLΣ
�
QΨc

tRΣ
�
Q� þ H:c:; ð26Þ

where Πq;t
0 and Mt

1 are form factors and their expressions
can be found in Appendix A. As discussed in [8,9], we can
find that the maximal symmetry can eliminate the Higgs-
dependent effective kinetic terms of top quarks in the lower
energy effective Lagrangian and only the effective top
Yukawa is dependent on Higgs. Since the effective top
Yukawa is collectively generated, Mt

1 ∼ λLλRf2M, and the
leading Higgs potential is proportional to the top Yukawa
coupling square, the Higgs potential must be finite. The top
mass is easily obtained,

mt ¼
λLλRf2Mffiffiffi
2

p
MT1

MT2

sin
2hhi
f

; ð27Þ

whereMT1
andMT2

are the top partners’mass and their full
expressions are listed in Appendix A.
Now, with this effective Lagrangian, we can calculate the

Coleman-Weinberg potential of Higgs at one-loop level
with the form

VtðhÞ ¼ −2Nc

Z
d4pE

ð2πÞ4 log
�
1þ jMt

1j2
2p2

EΠ
q
0Πt

0

h2

π2Q
sin2

2πQ
f

�
:

ð28Þ

We can expand VtðhÞ in top Yukawa coupling yt up to
Oðy2t Þ,

VtðhÞ ≃ γf

�
−sin2

πQ
f

þ sin4
πQ
f

�
h2

π2Q
; ð29Þ

where

γf ¼ 4Nc

Z
d4pE

ð2πÞ4
jMt

1j2
p2
EΠ

q
0Πt

0

: ð30Þ

It is easy to find that the Higgs potential in the top sector is
equivalent to the Higgs potential in ordinary maximal
symmetry and the Higgs VEV naturally lies at ξ ¼ 1=2.

2. Minimal maximal symmetry

In this case, tcR is a global SUð4Þ singlet and thus can
only mix with top partner singlet Ψ1 directly without
dressing the nonlinear PNGB matrix UQ (η shift symmetry
is still unbroken). The interactions between top fields and
top partners can be expressed as

Lmix ¼ −λLfTr½ΨqLUQðΨc
5R þ ϵLΨc

1RÞUT
Q�

− λRftcRTr½Ψ1LΣQ0� −M5Tr½Ψ5LΣQ0Ψc
5RΣQ0�

−M1Tr½Ψ1LΣQ0Ψc
1RΣQ0� þ H:c: ð31Þ

To achieve the finite Higgs potential from the above
interactions, we impose MS in the Ψ5;1 sector again by
the conditions in Eq. (25). After integrating out these heavy
partners, the lower energy effective Lagrangian can be
obtained,

Leff ¼ Πq
0ðpÞTr½Ψ̄qLpΨqL � þ Πt

0ðpÞt̄cRptcR
þMt

1ðpÞTr½ΨqLΣ
�
Q�tcR þ H:c: ð32Þ

The explicit expressions of these form factors can be found
in Appendix A. The top mass can be extracted,

mt ¼
ffiffiffi
2

p
λLλRf2M
MT1

MT2

sin
hhi
f

: ð33Þ
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The Higgs potential from the top loop is given by

Vf ¼−2Nc

Z
d4pE

ð2πÞ4 log
�
1þ 2jMt

1j2
p2
EΠt

0Π
q
0

h2

π2Q
sin2

πQ
f

�
: ð34Þ

In the limit of sinðπQ=fÞ ≪ 1, the Higgs potential can be
expanded up to quartic order in sinðπQ=fÞ,

Vf ≃ −γf
h2

π2Q
sin2

πQ
f

þ βf
h4

π4Q
sin4

πQ
f

; ð35Þ

with

γf ¼ 2Nc

Z
d4pE

ð2πÞ4
2jMt

1j2
p2
EΠ

q
0Πt

0

;

βf ¼ Nc

Z
d4pE

ð2πÞ4
�

2jMt
1j2

p2
EΠ

q
0Πt

0

�
2

:

C. Higgs potential in the gauge sector

As for other CHMs, the elementary EW gauge bosons
interact with PNGBs through their mixing with composite
vector mesons. According to the UV completion, the
preons can be confined to form vector mesons with wave
function and quantum number under Spð4Þ as

ρaμ ∼QcTaσμQ∶10; aâμ ∼QcTâσμQ∶5; ð36Þ

where Tâ (Ta) is (un)broken generators of SUð4Þ. These
mesons’ interactions with the EW gauge boson can be
determined by hidden local symmetry (more details can be
seen in Appendix B). The effective Lagrangian of the EW
gauge boson can be obtained by integrating out these vector
mesons,

Leff ¼ Pμν
t

2

�
g2ΠW

0 W
a
μWa

ν þ g02ΠB
0BμBν

þ g2Π1

h2

π2Q

sin2 πQ
f

4
ðW1

μW1
ν þW2

μW2
νÞ

þ Π1

h2

π2Q

sin2 πQ
f

4
ðg0Bμ − gW3

μÞðg0Bν − gW3
νÞ
�
;

where Pμν
t ¼ gμν − pμpν=p2 is the transverse projector and

the explicit expression of form factors ΠW;B
0 and Π1 is

shown in Appendix B. Using the full one-loop Higgs
potential in Eq. (B6), we can get the leading Higgs potential
by expanding it up to sin2ðπQ=fÞ [higher power terms in
sin2ðπQ=fÞ are suppressed by gauge coupling, compared
with the Higgs potential in the top sector],

Vg ≃ γg
h2

π2Q
sin2

πQ
f

; ð37Þ

with

γg ¼
3

8ð4πÞ2
Z

dp2
Ep

2
E

��
3

ΠW
0

þ 1

ΠB
0

�
Π1

�
:

As in QCD, the Higgs potential correction contributed by
the gauge boson loop automatically satisfies Weinberg sum
rules for CHMs with fermionic UV completion. So the
Higgs potential is finite and the leading order of the Higgs
potential from electroweak gauge boson loops after impos-
ing Weinberg sum rules is [10,20]

Vg ≃
3f2ð3g2 þ g02Þm2

ρ ln 2

64π2
h2

π2Q
sin2

πQ
f

; ð38Þ

where, for simplicity, we require the scale fρ associated
with these vector mesons to be equal to f, fρ ¼ f.

IV. ANALYSIS OF THE HIGGS POTENTIAL

In this section, we will discuss EWSB, the spectrum of
new fields, and fine-tuning in the Higgs potential. We will
find that the Higgs potential from preon Q mass can
weaken the correlation between Higgs mass and top partner
mass. So in the CHMs with massive underlying preons, the
composite partners can be as heavy as cutoff scale ∼4πf for
successful EWSB.

A. EWSB in Higgs potential

The total Higgs potential that determines the EWSB
vacuum can be expressed as

VðhÞ ¼ −γs2h þ βfs4h þ γmch; ð39Þ

where ch ≡ cosðhhi=fÞ, sh ≡ sinðhhi=fÞ, γ ≡ γf − γg, and
γm ≡ 8CmmQf3 parametrizes the Higgs potential from
preon masses. In the ordinary MS case, βf ¼ γf. Notice
that we always assume that the VEV of singlet σ and η is
zero for simplicity, so the terms in the PNGB potential
proportional to η and σ cannot affect Higgs VEVand can be
eliminated. We will find that this condition can be easily
satisfied without fine-tuning. The minimum of the potential
that can realize EWSB vacuum is one of the roots of the
following equation:

γm þ 2ch½γ − 2βfξ� ¼ 0: ð40Þ

If βfξ ≪ γ, the Higgs vacuum can be estimated as
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ch ≈ −
γm
2γ

⇒ ξ ≈
4γ2 − γ2m

4γ2
: ð41Þ

From this expression, we can find that, different from
ordinary CHMs, the EWSB can also be triggered by preon
mass contributions. The Higgs mass can be extracted from
the Higgs potential,

m2
h ¼

2ξ½γ þ 2ð2 − 3ξÞβf�
f2

: ð42Þ

Compared with ordinary CHMs, the Higgs mass contains
an extra factor γ (m2

h ¼ 8ξβf=f2 in ordinary CHMs). If
some cancellation is imposed between γ and βf, we can
thus easily get the light Higgs and heavy composite
partners simultaneously (generally, γ and βf can have
opposite sign and are independent). However, in ordinary
CHMs, since the Higgs mass is only proportional to βf, the
Higgs mass is strongly correlated with the top partner mass,
and there is no space to tune the parameters to achieve light
Higgs and heavy partners simultaneously [10,11]. So the
extra Higgs potential from preon masses can weaken the
correlation between the Higgs mass and partner mass,
which can be explicitly seen in the next subsection. In our
model, the η potential is only from the preon mass sector
(the gauge and top sector preserve η and σ shift symmetry),
and after EWSB its mass can be expressed as (for ξ ≪ 1)

m2
η ≃

f2m2
h − 8ξβf
f2ξ

: ð43Þ

Since βf is positive, to prevent η from getting a VEV, βf
should satisfy the upper limit of βf < f2m2

h=ð8ξÞ, which
will impose an upper bound on top partner mass. However,
η can obtain extra mass terms from some interactions that
only explicitly break η shift symmetry so the top partners
can be very heavy without violating η mass bounds (more
details can be seen in Appendix C). Notice that, for
simplicity, we assume ΔmQ

¼ 0 such that there is no
mixing between η and σ.
The singlet σ both contains the freedoms of underlying

preon Q and χ, and its mass can be from both Q and χ
sectors [26]. In the Q sector, its mass is only from the mass
of preon Q and can be easily extracted in the EWSB phase,

mQ
σ ¼ mη

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1 − ξÞ

p
cosϕ: ð44Þ

Its mass from the χ sector is also generated via the mass of
preon χ (gauge interactions also preserve σ shift symmetry
in the χ sector). More details about its mass can be seen in
Appendix D. In the rest of this section, we will numerically
calculate the spectrum of the new fields and fine-tuning of
the Higgs potential in two different models.

B. Ordinary maximal symmetry

In an ordinary MS model, according to the analytical
expressions of the Higgs potential in Eqs. (30) and (38), the
Higgs potentials from the top and gauge sectors are
sensitive to the composite partners mass and can be
generally parametrized as

γf ¼ βf ≃ cf
Ncy2t f2M2

f

8π2
; γg ≃ cg

3g2m2
ρf2

16π2
; ð45Þ

where yt is the top Yukawa coupling, cf;g is an order one
positive parameter, whose analytical expressions can be
derived in Eqs. (30) and (38), and Mf is the top partner
mass scale. As discussed above, the correlation between
Higgs and top partner mass is weakened by the extra Higgs
potential from the preon mass. Substitute these expressions
into the Higgs mass in Eq. (42), and we can see that the
Higgs mass is sensitive to the difference between the mass
scale of top and gauge bosons partners,

m2
h ∼ ð5cfM2

f − cgm2
ρÞξ: ð46Þ

Since cf;g are positive, the light Higgs indicates that the
scale difference between Mf and mρ is small, while the
mass of each composite partner can be very heavy without
increasing the scale f, just at the cost of increasing fine-
tuning. In ordinary CHMs, the Higgs mass is proportional
to the mass scale of top partners, m2

h ∼M2
fξ, so the top

partners should be light for light Higgs, aroundMf ≈ f, no
matter how the parameters are tuned if ξ is fixed. For
example, in ordinary CHMs based on deconstruction, the
maximal value of lightest top partner mass is around
1.5 TeV for ξ ¼ 0.1 and mh ¼ 125 GeV [11]. While, in
our models, the mass of the lightest top partner can be as
heavy as the cutoff (∼4πf) for the same benchmark point if
the singlet η can acquire extra mass through some hidden
interactions that only explicitly break its shift symmetry, as
shown in Appendix C. As discussed in Sec. IVA, if the η
potential is only from the preon mass, η mass is correlated
with the top partners’ mass, which imposes the upper
bound on top partners. For example, if ξ ¼ 0.05 and
m2

η > 0, using the expressions in Eq. (45), top partner
mass Mf should satisfy

Mf ≲ πmh

yt
ffiffiffiffiffiffiffiffiffiffiffiffiffi
cfNcξ

p ∼ 1.6 TeV: ð47Þ

Next, we will discuss the fine-tuning in the Higgs
potential. Following the convention in [31], the fine-tuning
can be quantified as

Δ ¼ maxfΔig; with Δi ¼
���� ∂ ln ξ∂ ln xi

����; ð48Þ
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where xi is the free parameter of the model. Using the
equation of the Higgs vacuum in Eq. (40), we can get the
analytical expression of Δi,

Δi¼
2xi
m2

hf
2

� ffiffiffiffiffiffiffiffiffiffi
1−ξ

p ∂γm
∂xi þ2ð1−ξÞ

�∂γ
∂xi−2ξ

∂βf
∂xi
��

: ð49Þ

If ξβf ≪ γ, according to the approximate expression of ξ in
Eq. (41), to get small ξ the main tuning is from the
cancellation between γm and γ, which can be expressed as

Δm ¼ 2γ2m
4γ2 − γ2m

¼ 2

ξ
ð1 − ξÞ: ð50Þ

Under this condition, the tuning is always minimal, even
γf ≫ βf. However γf ≫ βf always results in double tuning
Δ ≈ γf=ðξβfÞ ≫ 1=ξ in ordinary CHMs. So the preon mass
can relax double tuning in ordinary CHMs. In general, the
tuning is mainly from the cancellations among the Higgs
potential from preon mass, gauge, and top sector. The
tuning from these three sectors has the same behavior and is
almost at the same order of magnitude. We can explicitly
look at the tuning from ρ meson mass through Eq. (49),

Δρ ¼
���� ∂ ln ξ
∂ lnmρ

���� ¼ 8ð1 − ξÞγg
m2

hf
2

∼
m2

ρ

m2
h

: ð51Þ

If we choose mρ ¼ 3 TeV and fix ξ ¼ 0.05, we find
Δρ ∼ 20. Similar to other CHMs, the tuning increases as
the mass of composite partners increases. This is because
the Higgs potential is sensitive to the partner mass scale. To
get light Higgs, more precise cancellation among γf;g and
βf is needed if their masses are increased.
Finally, we use the measurement of fine-tuning in

Eq. (48) to do the numerical calculations for the following
two cases. One is the minimal case where η mass is only
from the preon mass sector. In this case, its mass is related
to the Higgs mass and top partners’ mass scale in the
EWSB phase. The other one is that its mass can also be
from a hidden sector, as shown in Appendix C, so η mass
can decouple with physics in EWSB. In Fig. 1, we show the
fine-tuning as the function of resonance mass for the min-
imal (left) and nonminimal (right) case with ξ ¼ 0.05,
mh ¼ 125 GeV, and mt ∈ ½140; 160� GeV. In the minimal
case, since η suffers from stringent bounds from Higgs
decay [32], we require mη > mh=2 in the numerical scan
for consistency. Comparing with the nonminimal case, we
can find that, in the minimal case, the bounds of η impose
an upper limit on lightest top partner massM [see Eq. (47)],
which also imposes an upper limit on mρ thorough Higgs
mass. Since M is around scale f, the tuning is minimal
(∼1=ξ). In the nonminimal case, where mη is not related to
M, as discussed before, these composite partners can be as
heavy as possible for successful EWSB, and the tuning

increases as these partners become heavy. These numerical
results confirm the above analysis.

C. Minimal maximal symmetry

In the minimal MS CHMs [9], the Higgs potential from
the gauge sector is the same as ordinary MS CHMs. γf is
also sensitive to the top partner scale, whose parametriza-
tion is the same as in Eq. (45). While βf is suppressed at
Oðy4t Þ and not sensitive to top partner mass, so Higgs mass
is insensitive toMf in this kind of model. The factor βf can
be generally parametrized as

βf ≃ bf
Ncy4t f4

16π2
ln
M2

f

m2
t
; ð52Þ

where bf is just an order one constant. Since βf is
suppressed, the Higgs mass is always too light without
preon mass contribution, mh ≈ 100 GeV for Mf ≈ 10f.
Meanwhile, since γf is much bigger than βf, this model
suffers from double tuning, Δ≳ 95=ξ [9,33]. If the preon
mass contribution to the Higgs potential is included, the
Higgs quartic can be enhanced so Higgs can be heavy
enough, and the fine-tuning can be suppressed (Mf can be
reduced). On the other hand, according to the expression of
ηmass in Eq. (43) in the minimal case,mη is not sensitive to
top partner mass and is almost a constant for fixed ξ. For
example, substituting the expression of βf into Eq. (43), we
can get mη ≈ 380 GeV for ξ ¼ 0.1. Unlike the first model,
this model can contain heavy enough η to escape the
bounds without affecting top partners’ mass. So the extra
contribution to η mass from the hidden sector is not
necessary. The behavior of the tuning is the same as the
first model. The tuning is minimal for Mf ∼ f, while it
increases asMf (mρ) increases [see Eq. (51)]. In Fig. 2, we
numerically calculate the tuning as the function of reso-
nance masses for ξ ¼ 0.1 and mh ¼ 125 GeV, which
confirms the above discussion.
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FIG. 1. Scatter plot of the tuning Δ in the model with ordinary
maximal symmetry as function of mass of η (black), lightest top
partner (blue), and vector meson ρ (red) for ξ ¼ 0.05,mη > mh=2,
M > 0.5 TeV, and mρ > 2.5 TeV. The Higgs mass is fixed at
125 GeV and the top mass range is mt ∈ ½140; 160� GeV.
Parameter M is the mass of the lightest top partner.
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V. PHENOMENOLOGY AT THE LHC

If the top partners are very heavy, the first smoking gun
of our model may be the presence of the extra neutral light
PNGBs, especially their interactions with SM gauge
bosons through WZW terms, which can give rise to very
typical signatures. We expect that the σ field is the first
signature of this class of CHMs, which is the main
prediction of partial compositeness, because it has anomaly
interactions with gluon fields, which can result in a large
production cross section. The phenomenology of η is
extensively discussed in [23–25]. Since its production
cross section is very small, its bounds are very weak,
mη > mh=2. We will not discuss it in this work. We will
sketch the phenomenology of σ at the LHC in this section
and impose some bounds to the parameter space of our
model according to the LHC data. The potential of colored
PNGBs can be from the gluon loop, χ mass, and top loop
and is not correlated with the Higgs potential. So their mass
can be at OðTeVÞ for ξ ¼ 0.1 without any fine-tuning and
easily escape the bounds. The phenomenology of the
colored PNGBs is extensively discussed in [27], so we
also will not discuss it.
Generally, as discussed before, σ can acquire mass from

both Q and χ mass sectors,

mσ ¼ mQ
σ þmχ

σ; ð53Þ

where mQ;χ
σ is the mass from the Q (χ) sector in Eq. (44)

[Eq. (D4)]. If σ mass is only from the Q sector, it is very
light (always lighter than mη in the minimal case) and is
excluded by LHC detections. To have heavy σ, its mass
should be dominated by χ mass contributions in Eq. (D4).
Since the gauge and top sectors preserve their shift
symmetry, they do not interact with top or gauge bosons
through Yukawa or gauge interactions. However, since σ is

composed by both χ and Q freedoms, it mainly interacts
with SM gauge fields Ai

μ through WZW terms, which can
be parametrized as follows:

LWZW ¼ g2i κi
32π2fσ

σϵμναβAi
μνAi

αβ; ð54Þ

where fσ ≡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðq2Qf2Q þ 3q2χf2χ=2Þ=ðq2Q þ q2χÞ

q
is the decay

constant associated with σ, and Ai
μν generally denotes the

gauge field strength of type i ¼ W, B, g (EW triplet,
hypercharge, gluon). The coefficients κi can be given by

κi ¼
qQκ

Q
i þ qχκ

χ
iffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

q2Q þ q2χ
q ; ð55Þ

where κQ;χ
i only depends on the coset space of the Q and χ

condensates and, for our case, we have

κQW ¼ κQB ¼ dQ; κχg ¼ 2dχ ; κχB ¼ 12X2dχ ; ð56Þ
where dQ=dχ are the dimensions of hypercolor representa-
tion of Q=χ and X is the Uð1Þ hypercharge defined in
Table I. The main production channel for the σ field is
through gluon-gluon fusion and the cross section at the
proton-proton center-of-mass frame can be parametrized by
the partial decay width and the parton luminosities,

σðpp → σÞ ¼ 1

mσs
CggΓðσ → ggÞ; ð57Þ

where Γðσ → ggÞ is its decay width to gluon pairs, s is the
center-of-mass energy square, and the dimensionless par-
tonic integral Cgg is

Cgg ¼
π2

8

Z
1

m2
σ=s

dx
x
gðxÞg

�
m2

σ

sx

�
: ð58Þ

The remarkable feature here is that σ interactions with
gauge fields are completely fixed by the representations of
the preons under GHC. So σ decay widths can reflect the
physics of UV completion. The analytical formulas of the
partial decay widths to the SM gauge bosons are

Γðσ → ggÞ ¼ α2sκ
2
g

8π3
m3

σ

f2σ
;

Γðσ → γγÞ ¼ α2

64π3
ðκW þ κBÞ2

m3
σ

f2σ
;

Γðσ → WþW−Þ ¼ α2Wκ
2
W

32π3
m3

σ

f2σ

�
1 −

4m2
W

m2
σ

�
3=2

;

Γðσ → ZZÞ ¼ α2

64π3t4W
ðκW þ κBt4WÞ2

m3
σ

f2σ

�
1 −

4m2
Z

m2
σ

�3
2

;

Γðσ → ZγÞ ¼ α2

32π3t2W
ðκW − t2WκBÞ2

m3
σ

f2σ

�
1 −

m2
Z

m2
σ

�
3

;
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FIG. 2. Scatter plot of the tuning Δ in the minimal maximal
symmetric model as function of mass of η (black), lightest top
partner (blue), and vector meson ρ (red) for ξ ¼ 0.1, mη > mh=2,
M > 0.5 TeV, and mρ > 2.5 TeV. The Higgs mass is fixed at
125 GeV and the top mass range is mt ∈ ½140; 160� GeV.
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where αW ¼ α=s2W and sW (tW) is the sine (tangent)
function of the Weinberg angle θW . Taking the σ → γγ
decay channel as the reference channel, we can obtain the
ratios of σ decay widths for GHC ¼ SOð11Þ, which is only
determined by the UV completion and independent of fσ,

Γgg

Γγγ
¼ 870;

ΓWW

Γγγ
¼ 4.2;

ΓZZ

Γγγ
¼ 0.416;

ΓZγ

Γγγ
¼ 3.1;

and the ratios for GHC ¼ SOð13Þ,
Γgg

Γγγ
¼ 711;

ΓWW

Γγγ
¼ 2.4;

ΓZZ

Γγγ
¼ 0.17;

ΓZγ

Γγγ
¼ 2.3:

For GHC ¼ Spð2NHCÞ with NHC ¼ 2, the ratios are

Γgg

Γγγ
¼68399;

ΓWW

Γγγ
¼713.6;

ΓZZ

Γγγ
¼144;

ΓZγ

Γγγ
¼206.2:

For the maximum situation, NHC ¼ 18, we obtain

Γgg

Γγγ
¼ 76439.5;

ΓWW

Γγγ
¼ 1179.7;

ΓZZ

Γγγ
¼ 259.8;

ΓZγ

Γγγ
¼ 282.4:

From the above calculations, we can explicitly see that the
decay channel into gluon pairs is dominant over the other
channels.
Using WZW interaction in Eq. (54), we simulate differ-

ent signatures of σ in LHC from the following channels:

gg → σ → AiAj; ð59Þ

where A ¼ fW�; Z; γ; gg. By comparing with the exper-
imental data from 8 TeV [34–38] and 13 TeV LHC
[39–43], we derive the bounds of mσ for different hyper-
color groups with fσ ¼ 800 GeV held fixed, as shown in
Fig. 3 (the color regions are excluded parameter space). For
the GHC ¼ Spð2NHCÞ model, the bounds of σ increase as
NHC increases. For the GHC ¼ SOð11=13Þ hypercolor
model, the strongest constraints come from the Zγ decay
channel and we find mσ < 2.6 TeV is excluded for the
SOð11Þ hypercolor group and mσ < 2.8 TeV is excluded
for SOð13Þ.

VI. CONCLUSIONS

We studied the minimal composite Higgs model
SUð4Þ=Spð4Þ with purely fermionic UV completions
based on a confining hypercolor gauge group GHC.
Under this strong dynamics, two species of underlying
Weyl fermions in different representations of GHC, Q1;…;4

(QCD colorless) and χ1;…;6 (QCD colored), should be
introduced to generate the composite Higgs doublet,
composed by Q alone, as well as top partners, composed
by both Q and χ. Different from ordinary composite Higgs
models, the Higgs potential is not only from top and gauge
loop corrections but also from the masses of preon Q. With
this extra contribution, electroweak symmetry breaking can
be realized differently and the correlation between the mass
of Higgs and top partners is weakened.
To keep the Higgs potential from the top sector finite, we

impose maximal symmetry in this model. Since the
maximal symmetry can be realized in two different ways,
we study its EWSB in two cases, the ordinary and minimal
maximal symmetric CHMs. In the first case, even the Higgs
potential from the top and gauge sectors is sensitive to
composite resonance mass scales; the Higgs mass is only
sensitive to the difference between the mass scale of
composite vector mesons and top partners. So the
composite partners of top and gauge bosons can be as
heavy as possible, even around the cutoff ∼4πf, for
successful EWSB just at the cost of high fine-tuning.
While the top partner mass is around scale f for light Higgs
in ordinary CHMs without preon mass contributions, no
matter how the parameters are tuned. However, since η
mass is related to the top partner mass if it is only from
preon masses, positive η mass square imposes the upper
bounds on the top partner mass, such as M < 1.6 TeV for
ξ ¼ 0.05 and m2

η > 0. But the mass of η can also be
generated from the hidden interactions, which only break η
shift symmetry. If this contribution is dominant in η mass,
the correlation between the mass of top partners and η is
destructed, and thus the composite top partners can be
heavy arbitrarily (generally, it should be smaller than cutoff
scale) without any constraints. In the minimal maximal
symmetric case, the Higgs quartic from the top sector is
suppressed at quartic order in top Yukawa coupling and is

13TeV

Z 13TeV

Z 8TeV

WW 13TeV

WW 8TeV

ZZ 13TeV

ZZ 8TeV

gg 13TeV

350
GeV

1000 2000 3000

350 1000 2000 3000
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8

4
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16
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8

4

2
H

C

FIG. 3. Bounds from LHC detections on the mass of σ for
different hypercolor group GHC ¼ Spð2NHCÞ with 2NHC ≤ 36
and decay constant fixed at fσ ¼ 800 GeV. The different color
regions represent the excluded parameter space via σ different
decay channels. The cross sections of the channels with γγ and gg
final states at 8 TeV LHC are always smaller than the exper-
imental value and thus there are no constraints on mσ .
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not sensitive to the top partner scaleMf. However, without
Higgs potential contributed by preon mass, the Higgs mass
is always too light even Mf is around cutoff scale, which
always results in double tuning ∼95=ξ. While the extra
Higgs potential from preon mass can enhance the Higgs
quartic, the Higgs mass can be heavy enough for several
TeV top partners with ξ ¼ 0.1. Meanwhile, the tuning is
significantly suppressed as low as minimal ∼1=ξ for
M > 1.5 TeV. The η mass is also insensitive to Mf so it
can be heavy enough to avoid the bounds mη > mh=2 and
is almost fixed for fixed ξ if its mass is only from the preon
mass sector (around 300 GeV for ξ ¼ 0.1).
The partial compositeness predicts an extraUð1Þσ PNGB

σ in this model. Since it contains both the freedoms of Q
and χ, it can interact with SM EW and QCD gauge bosons
through Wess-Zumino-Witten terms, which are determined
by UV completions. Especially, its decay branch ratio into
different gauge boson pairs can reveal the UV theory. This
singlet can be resonance produced through gluon fusion
and decay into gauge boson pairs. This can be the typical
phenomenology of this kind of model at LHC, and we
derive the bounds of σ mass for different GHC gauge
groups.
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APPENDIX A: TOP PARTNERS AND FORM
FACTORS IN TOP EFFECTIVE LAGRANGIAN

For the top partners Ψ5;1 in the Lagrangian (24), their
explicit embeddings in representation 6 of SUð4Þ are

Ψ5L ¼
� 1

2
T5iσ2

1ffiffi
2

p Q

− 1ffiffi
2

p QT 1
2
T5iσ2

�
; Q ¼

�
T X5=3

B X2=3

�
;

Ψ1L ¼
� 1

2
T1iσ2 0

0 − 1
2
T1iσ2

�
;

Ψc
5R ¼

� 1
2
Tc
5iσ

2 1ffiffi
2

p Qc

− 1ffiffi
2

p QcT 1
2
Tc
5iσ

2

�
; Qc ¼

�−Xc
2=3 Bc

Xc
5=3 −Tc

�
;

Ψc
1 ¼

� 1
2
Tc
1iσ

2 0

0 − 1
2
Tc
1iσ

2

�
: ðA1Þ

The form factors in Eq. (26) and masses of top partners in
Eq. (27) in an ordinary maximal symmetric model can be
expressed as

Πq
0¼1−

λ2Lf
2

p2−M2
; Πt

0¼1−
λ2Rf

2

p2−M2
; Mt

1¼
λLλRf2M
M2−p2

;

MT1
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f2λ2LþM2

q
; MT2

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f2λ2RþM2

q
: ðA2Þ

The form factors in Eq. (32) and masses of top partners in
Eq. (33) in the minimal maximal symmetric model can be
expressed as

Πq
0¼1−

λ2Lf
2

p2−M2
; Πt

0¼1−
4λ2Rf

2

p2−M2
; Mt

1¼
λLλRf2M
p2−M2

;

MT1
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f2λ2LþM2

q
; MT2

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4f2λ2RþM2

q
: ðA3Þ

APPENDIX B: GAUGE SECTOR

According to the hidden local symmetry, the vector
resonances ρμ transform nonlinearly, while the axial res-
onances aμ transform homogeneously, under a global
SUð4Þ transformation g,

ρμ ¼ ρaμTa; ρμ → hρμh† þ i
gρ

h∂μh†;

aμ ¼ aâμTâ; aμ → haμh†; ðB1Þ

where h ¼ hðg; πâÞ is the nonlinearly realized Spð4Þ
element. So at leading order in derivatives, the general
Lagrangian allowed by Eq. (B1) is

Lρ ¼ −
1

2
Tr½ρμνρμν� þ f2ρTr½ðgρρμ − Ea

μTaÞ2�;

La ¼ −
1

2
Tr½aμνaμν� þ

f2a
Δ2

Tr½ðgaaμ − ΔdâμTâÞ2�; ðB2Þ

where iU†DμU ¼ dâμTâ þ Ea
μTa, ρμν ¼ ∂μρν − ∂νρμ −

igρ½ρμ; ρν�, aμν ¼ ▽μaν −▽νaμ, and ▽μ ¼ ∂μ − iEa
μTa.

After integrating out the heavy resonances at tree level,
the SUð4Þ invariant Lagrangian, at quadratic order in the
gauge fields and in momentum space, is

Leff ¼ Pμν
t

2
ðΠ0ðp2ÞTr½AμAν� − p2ðWa

μWa
ν þ BμBνÞ

þ Π1ðp2Þ
4

Tr½ðAμΣþ ΣAT
μ ÞðAνΣþ ΣAT

ν Þ†�Þ; ðB3Þ

where Aμ ¼ gWa
μTa

L þ g0BμT3
R, Pμν

t ¼ gμν − pμpν=p2 is
the projector on transverse field configurations, and Π0;1

are form factors. From the above Lagrangian, we get the
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most general effective Lagrangian for gauge bosons with
explicit dependence on the Higgs field,

Leff ¼ Pμν
t

2
ðg2ΠW

0 W
a
μWa

ν þ g02ΠB
0BμBν

þ g2Π1

h2

h2 þ η2
s2

4
ðW1

μW1
ν þW2

μW2
νÞ

þ Π1

h2

h2 þ η2
s2

4
ðg0Bμ − gW3

μÞðg0Bν − gW3
νÞ
�
;

where s ¼ sinð
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2 þ η2

p
=fÞ,

ΠW
0 ¼ −

p2

g2
þ p2

f2ρ
p2 −m2

ρ
; ΠB

0 ¼ ΠW
0 ðg → g0Þ;

Π1 ¼ f2 þ 2p2

�
f2a

p2 −m2
a
−

f2ρ
p2 −m2

ρ

�
: ðB4Þ

Here we define the mass parameters

m2
ρ ¼ f2ρg2ρ; m2

a ¼
f2ag2a
Δ2

: ðB5Þ

So it is easy to get the Higgs potential at one-loop level by
integrating out the gauge fields and going to Euclidean
momenta space,

VgðhÞ¼
3

2

Z
d4pE

ð2πÞ4
�
2 log

�
ΠW

0 þΠ1

h2

h2þη2
s2

4

�

þ log

�
ΠB

0ΠW
0 þΠ1

h2

h2þη2
s2

4
ðΠB

0 þΠW
0 Þ
��

: ðB6Þ

APPENDIX C: A MECHANISM
TO PRODUCE HEAVY η

In the gauge and top sectors, these interactions are Uð1Þη
invariant, so the SM field loops do not contribute to η
potential. To produce a heavy η while preserving Higgs and
σ shift symmetry, we introduce an electroweak singlet
complex scalar ϕ. To break η shift symmetry, we suppose it
is embedded in 6 representation of SUð4Þ in the form

Φ ¼ ϕ

2

�
iσ2 0

0 iσ2

�
: ðC1Þ

So its general couplings to the PNGBs are given by

Lϕ¼ ∂μϕ
†∂μϕ−m2

ϕϕ
†ϕ−yϕf2Tr½ΦΣ†�Tr½Φ†Σ�

¼ ∂μϕ
†∂μϕ−m2

ϕϕ
†ϕ−4yϕf2

η2

π2Q
sin2
�
πQ
f

�
ϕ†ϕ: ðC2Þ

The PNGB potential at one-loop level is

Vη ≃
yϕf2Cϕ

ð4πÞ2
η2

π2Q
sin2
�
πQ
f

�
Λ2
Q; ðC3Þ

where ΛQ ∼ 4πf is the condensed scale of preon Q and Cϕ

is an order one constant. Generally, yϕCϕ can be positive so
η becomes massive from the scalar loop. Its mass is
naturally at OðfÞ, so η can be heavy enough to survive
experimental bounds without any fine-tuning.

APPENDIX D: MASS OF σ FROM χ SECTOR

The χ preon mass can explicitly break the shift symmetry
of σ and thus can contribute to σ mass. The gauge invariant
mass term of preon χ can be aligned with condensation Σχ0,

Lχ
mass ¼ mχχ

T
l Σlm

χ0χm þ H:c:; ðD1Þ

where mχ is the preon mass. The mass matrix transforms
under global symmetry SUð6Þ as

Σχ0 → g�χΣχ0g
†
χ ; ðD2Þ

where gχ ∈ SUð6Þ. Similarly, σ potential from χ masses
can be easily derived according to the global symmetry

Vχ
m ¼ −Cχf36mχTr½Σχ0:Σχ � þ H:c:

¼ −12Cχmχf36 cos

�
2σ sinϕffiffiffi

6
p

f6

�
; ðD3Þ

where Cχ ∼ hχχi=ð4πÞ2f36 is the form factor related to
strong dynamics [16]. We can also read the σ mass from
Eq. (D3),

mχ
σ ¼ 2 sinϕ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Cχmχf6

q
: ðD4Þ

APPENDIX E: MASS OF COLORED PNGBs

The colored PNGBs multiplet π8 and π6 (πc6) in the 8 and
6 (6̄) representation of QCD SUð3Þc can get the potential
from gluon loops, the mass of preons mχ , and top loops.
However, the potential of PNGBs π8 from the top sector is
suppressed by ξ, so this kind of potential can be neglected.
As discussed in [27], the mass of these PNGBs can be
generally expressed as by spurionic analysis

m2
π8 ¼ 8Cχmχf6 þ

3

4
g2sCgf26;

m2
π6 ¼ 8Cχmχf6 þ

5

6
g2sCgf26 þ CRR

f4

f26
; ðE1Þ

where Cg and CRR are Oð1Þ form factors depending on
underlying dynamics and gs is QCD gauge coupling.
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The terms proportional tomχ , g2s , and CRR are, respectively,
the correction from the mass of χ, gluon loop, and right-
handed top loop. We can find their mass is uncorrelated
with Higgs mass so they can be heavy enough [OðTeVÞ]
without introducing EWSB fine-tuning. For example,

if these form factors Cχ;g;RR > 0, these PNGBs can be
heavier than

ffiffiffiffiffiffi
Cg

p
f6≈1.6TeV for ξ¼0.1, f6¼f≈800GeV,

and Cg ¼ 4, which is consistent with LHC bounds
mπ8;π6 > 1.1 TeV.
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