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Abstract:
We study the phenomenology of partially composite-Higgs models where electroweak

symmetry breaking is dynamically induced, and the Higgs is a mixture of a composite and
an elementary state. The models considered have explicit realizations in terms of gauge-
Yukawa theories with new strongly interacting fermions coupled to elementary scalars and
allow for a very SM-like Higgs state. We study constraints on their parameter spaces from
vacuum stability and perturbativity as well as from LHC results and find that requiring
vacuum stability up to the compositeness scale already imposes relevant constraints. A
small part of parameter space around the classically conformal limit is stable up to the
Planck scale. This is however already strongly disfavored by LHC results. In different
limits, the models realize both (partially) composite-Higgs and (bosonic) technicolor models
and a dynamical extension of the fundamental Goldstone-Higgs model. Therefore, they
provide a general framework for exploring the phenomenology of composite dynamics.
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1 Introduction

Partially composite-Higgs (CH) models with underlying four-dimensional realizations in
terms of new fermions coupled to elementary scalar multiplets via Yukawa interactions [1]
were recently developed and studied in Refs. [2–5]. These models feature dynamically in-
duced electroweak symmetry breaking (EWSB) and a partially composite pseudo-Goldstone
boson (pGB) Higgs. The elementary scalar multiplet provides masses for the SM fermions
via SM-like Yukawa interactions [6] avoiding the complications of fermion partial compos-
iteness [7] or extended-technicolor-type constructions [8–10]. The framework gives a unified
description for various classes of models from (partially) CH [1] to (bosonic) technicolor
(b)TC [11, 12].

However, such models may suffer from a low vacuum instability scale due to the en-
hancement of the top Yukawa coupling of the Higgs state as compared to the SM Higgs [13].
In this paper we, therefore, study the vacuum stability and perturbativity bounds on the
parameter space of minimal partially CH (pCH) models [2, 3, 5] and combine these self-
consistency conditions with current constraints from collider experiments. We show that
even the requirement of stability up to the compositeness scale provides relevant constraints
regardless of the particular UV realization. We also consider model extensions where a
(small) part of the top-quark mass does not originate from the vacuum expectation value
(vev) of the elementary scalar multiplet as a possibility to alleviate the vacuum-stability
bounds.

The two underlying concrete models we consider both consist of four Weyl fermions,
UL,R, DL,R, transforming under a new SU(2)TC gauge group with the left-handed com-
ponents forming a doublet, (UL, DL), under the weak gauge group SU(2)w. This is the
minimal CH model with four-dimensional fermionic realisation [14], and the new fermion
sector features an enhanced SU(4) global symmetry acting on the four Weyl fermions. The
fermions are coupled to a multiplet of new elementary scalars via Yukawa interactions, and
the dynamical condensation of the strongly interacting (techni)fermions is transmitted to
the scalar multiplet via these Yukawa interactions. As a consequence, the fundamental
scalar multiplet acquires a vev. We begin by considering a SU(2)w doublet of scalars [2, 3]
and then study a full multiplet under the global SU(4) symmetry of the new fermion
sector [5].

While the SM fermions obtain their masses via the vev of the elementary scalar mul-
tiplet, the weak boson masses originate from both the vev and the condensate in the
composite sector. Consequently, the electroweak (EW) scale is given by

v2
w = v2 + f2 sin2 θ, (1.1)

where vw = 246 GeV, we denote the vev of the neutral CP-even component of the elemen-
tary Higgs by v, f is the Goldstone-boson decay constant of the composite sector, and θ
(π/2 ≤ θ ≤ π) parameterises the vacuum misalignment.

2 Minimal partially composite Higgs models

We consider here the minimal four-dimensional strongly interacting fermionic sector allow-
ing for a composite Goldstone Higgs boson. This is based on the gauge group SU(2)TC

and contains four Weyl fermions transforming in the fundamental representation of the
gauge group. The new fermion sector in isolation features a global SU(4) symmetry, which
upon condensation breaks spontaneously to Sp(4) [15]. The left-handed fermions (UL, DL)
transform as a doublet under SU(2)w, and the EW gauge group can be embedded into the
SU(4) global symmetry via the left and right generators

T iL =
1

2

(
σi 0
0 0

)
, T iR =

1

2

(
0 0
0 −σTi

)
. (2.1)
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The TL generators may be identified with those of the SU(2)w and T 3
R with the generator of

hypercharge [16–19]. The five Goldstone bosons (GBs) associated to the breaking SU(4)→
Sp(4) then form an EW doublet and a singlet. We list the left-handed fermions and their

quantum numbers using the notation ŨL ≡ εU∗R in Tab. 1. The details of the construction
of the effective description can be found e.g. in Refs. [2, 5].

Table 1: New fermion content.

SU(2)TC SU(2)W U(1)Y

QL 0

ŨL 1 −1/2

D̃L 1 +1/2

There are different possibilities to align the stability group, Sp(4), with respect to the
EW gauge symmetry inside the SU(4). In particular, the EW group can be embedded
completely within the stability group leading to unbroken EW symmetry. There are two
inequivalent vacua, E±, corresponding to this orientation. On the other hand, it is possible
that only the electromagnetic subgroup, U(1)Q, is unbroken as in TC models [20, 21]. We
denote the corresponding vacuum by EB. The different vacua can be represented as the
matrices

E± =

(
iσ2 0
0 ±iσ2

)
, EB =

(
0 1
−1 0

)
. (2.2)

In general, the vacuum is a superposition of an EW-preserving and the EW-breaking vacua,
and can be written as

E = cos θE− + sin θEB. (2.3)

The misalignment angle, θ, is determined by the sources of explicit SU(4) breaking, and
the relation between the composite scale and the EW scale is then given in terms of θ
according to Eq. (1.1).

We parameterise the composite Goldstone-boson degrees of freedom in the SU(4)/Sp(4)
coset by

Σ = exp

(
2
√

2 i

f
ΠaXa

)
E, (2.4)

where the broken generators, Xa, with a = 1, . . . , 5, correspond to the vacuum E. The

generators are explicitly given in Ref. [17]. Furthermore, we introduce spurions, Pα, P̃α,

such that Tr[PαΣ] and Tr[P̃αΣ] transform as EW doublets with hypercharges +1/2 and
−1/2, respectively. These can be explicitly written as

2P1 = δi1δj3 − δi3δj1, 2P2 = δi2δj3 − δi3δj2,
2P̃1 = δi1δj4 − δi4δj1, 2P̃2 = δi2δj4 − δi4δj2.

(2.5)

2.1 Model I: Elementary scalar doublet

In addition to the composite pions, Σ, we introduce an (elementary) scalar multiplet. We
begin by considering an SU(2)L doublet, Hα, and we also introduce vector-like masses for
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the new fermions [2, 3] via the matrix M :

Hα =
1√
2

(
σh − iπ3

h
−(π2

h + iπ1
h)

)
, M =

(
m1ε 0

0 −m2ε

)
. (2.6)

With this field content, the underlying Lagrangian describing the new strong sector and
the elementary doublet can be written as

LpCH =Q̄i /DQ+DµH
†DµH −m2

HH
†H − λH(H†H)2

+
1

2
QT M Q− yUHα(QTPαQ)− yDH̃α(QT P̃αQ) + h.c.,

(2.7)

where Q = (UL, DL, ŨL, D̃L ), H̃ = εH∗, and the antisymmetric contractions are kept
implicit. The global SU(4) symmetry of the composite sector is in this case broken explicitly
to SU(2)w ×U(1)Y by both the Yukawa and weak interactions, and the vector like masses
in M . The Yukawa couplings with the SM fermions, restricting to the third generation of
SM quarks, are

LYuk = −ytq̄LHtR − ybq̄LH̃bR + h.c., (2.8)

where qL = (tL, bL). This model was considered in Refs. [2, 3] in the limit λH = 0 but here
we keep λH throughout, since it is relevant for the vacuum stability, and since we do not
assume necessarily any supersymmetric completion that would alter the running of λH at
high energies.

Below the condensation scale, ΛTC ∼ 4πf , Eq. (2.7) yields the following lowest-order
effective potential

V 0
eff =4πf3Z2

(
1

2
Tr [MΣ] + yUHαTr [PαΣ] + yDH̃αTr[P̃αΣ] + h.c.

)
+m2

HH
†H + λH(H†H)2,

(2.9)

where Z2 is a non-perturbative O(1) constant, and we use the numerical value Z2 ≈ 1.5
suggested by the lattice simulations 1 [22]. The EW gauge interactions contribute to the
effective potential at the one-loop level, but the contribution is subleading as compared to
the vector-like mass terms. It is, however, important for the model we describe in the next
section.

2.2 Model II: SU(4) completion of the scalar sector

A model retaining the global SU(4) symmetry on the new fermion sector in the presence of
the Yukawa interactions was proposed in Ref. [5]. The elementary scalar doublet is extended
to a complete two-index antisymmetric SU(4) representation, Φ, allowing for the Yukawa
interactions of the elementary scalars and the new fermions to remain SU(4) symmetric.
Furthermore, the vector-like masses, m1,2, of the new fermions above are then generated
via the dynamically induced vev of the EW-singlet component of the scalar multiplet, Φ.
The misalignment of the vacuum, θ 6= 0, required to give a mass to the would-be pGB Higgs
boson may come solely from the SM sector and the scalar potential. In the following, we
briefly outline the model and the construction of the effective low-energy Lagrangian, but
we refer to Ref. [5] for details.

The scalar multiplet, Φ, can be conveniently parameterised in terms of the EW eigen-

states. To this end, we write Hα ≡ Tr[PαΦ] and H̃α ≡ Tr[P̃αΦ] that transform as EW

1Ref. [22] gives 〈QTQ〉1/3/f = 4.19(26) for the condensate, which then yields an estimate (with a factor

4 accounting for the trace): Z2 = 1
4·4π

(
〈QTQ〉1/3

f

)3

≈ 1.5.
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doublets with hypercharges +1/2 and −1/2, respectively. The EW-singlet directions can
be projected out with the following spurions:

P S
1 =

1

2

(
−iσ2 0

0 0

)
, P S

2 =
1

2

(
0 0
0 iσ2

)
. (2.10)

Thus, we arrive at

Φ =
∑
α=1,2

PαHα + P̃αH̃α + P S
1 S + P S

2 S
∗, (2.11)

where H is given in Eq. (2.6), and S = 1√
2
(SR + iSI) parameterises the EW-singlet scalars.

The relevant Lagrangian, restricting to third generation of SM quarks, is then

LpCH2
=Q̄i /DQ+ Tr[DµΦ†DµΦ]−m2

ΦTr[Φ†Φ]− λΦTr[Φ†Φ]2

− yQQTΦQ− ytq̄LHtR − ybq̄LH̃bR + h.c.
(2.12)

Below the condensation scale, we have the lowest-order effective potential

V 0
eff =4πf3Z2 (yQTr [ΦΣ] + h.c.) +m2

ΦTr[Φ†Φ] + λΦTr[Φ†Φ]2. (2.13)

At this level, the global symmetry is broken only spontaneously by the condensation in the
strong sector. Therefore, in order to misalign the vacuum with respect to EW symmetry
and to give a mass to one of the GB’s to be identified with the Higgs, we need to consider
sources that break the global symmetry explicitly. To this end, we include the leading EW
contribution in the effective potential [23, 24]

Vgauge =− Cg

[
g2f4

3∑
i=1

Tr
(
T iLΣ(T iLΣ)∗

)
+ g′ 2f4Tr

(
T 3

RΣ(T 3
RΣ)∗

)]
, (2.14)

where Cg is a positiveO(1) loop factor. Differently from Ref. [18], the top quark interactions
are subleading in the vacuum determination, since the top quark only couples to the weakly
interacting fundamental sector. We add another source of explicit breaking of the global
symmetry by splitting of the masses of the EW-doublet and singlet components of the
scalar multiplet, Φ:

Vδm2 =2δm2 Tr[PSi Φ]Tr[PSi Φ]∗ =
1

2
δm2(S2

R + S2
I ). (2.15)

As shown in Ref. [5], these two sources are enough to achieve a non-trivial vacuum align-
ment, and therefore we need not introduce further explicit breaking sources directly on the
new fermion sector.

3 Model I: RG analysis and phenomenological constraints

3.1 Vacuum, spectrum, and λH

The effective potential of Eq. (2.9) as a function of σh and θ reads

Veff =8πf3Z2

(
m12cθ −

yUD√
2
σhsθ

)
+

1

2
m2
Hσ

2
h +

λH
4
σ4
h, (3.1)
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where m12 ≡ m1 + m2 and yUD ≡ yU + yD. We use the short-hand notations sx ≡ sinx,
cx ≡ cosx, and tx ≡ tanx. Further, we define the parameter m2

λ ≡ m2
H + λHv

2, the form
factor F0 = 4πZ2 and trade v for the angle β via

tβ ≡
v

fsθ
. (3.2)

The vacuum conditions then read

0 =
∂Veff

∂σh

∣∣∣∣
σh=v

=−
√

2F0yUDf
3sθ +m2

λv,

0 =
∂Veff

∂θ

∣∣∣∣
σh=v

=− 2F0f
3

(
m12sθ +

yUD√
2
vcθ

)
.

(3.3)

These yield the parameter constraint equations

yUD =
tβm

2
λ√

2f2F0

, m12 = −
cθm

2
λt

2
β

2F0f
. (3.4)

For tβ & 1, the first equation limits the mass parameter to m2
H . 4πf2 as long as yUD . 1.

If the latter limit on yUD is not satisfied, then these large Yukawa couplings will drive the
scalar quartic negative at very low scales. Indeed we find that yUD � 1 for all the viable
parameter space that we consider, and this condition is thus automatically satisfied.

The model features seven parameters relevant to our study, 2 yUD, m12, λH , sθ, tβ, f ,
m2
H , and four constraint equations including the two vacuum conditions in Eq. (3.3), the

EW scale Eq. (1.1), and the Higgs mass, whose expression is shown below in Eq. (3.9). We
take sθ, tβ and m2

H as free parameters.
The Yukawa coupling between the top quark and the elementary doublet is enhanced

with respect to the SM value by
yt = ySM

t /sβ. (3.5)

For a given value of the quartic coupling, λH , in Eq. (2.7), this implies a lower limit on tβ
in order to avoid vacuum instability above the EWSB scale and below the Planck scale.
We discuss this issue in detail in Sec. 3.2.

The charged pion and neutral CP-even scalar mass matrices, in the bases (π+
h ,Π

+),
(σh,Π

4), resp., can be written as

M2
π+=m2

λ

(
1 tβ
tβ t

2
β

)
, M2

h=m2
λ

(
1 + δ −cθtβ
−cθtβ t2β

)
, (3.6)

where δ ≡ 2λHv
2

m2
λ

. The mass of the heavy neutral pion, π0, coincides with the mass of the

charged ones.
The CP-even mass eigenstates are given in terms of the interaction eigenstates by

h1 = cασh − sαΠ4, h2 = sασh + cαΠ4, (3.7)

with

t2α =
2tβcθ

1− t2β + δ
. (3.8)

2Only the combinations m12 and yUD enter into the vacuum equations and the effect of yU , yD on the
running of the couplings is negligible in the parameter space considered.
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Figure 1: Left panel: Model I spectrum. The blue (red) solid contours show the mass
of the heavier CP-even state, H, in GeV for fixed m2

H/f
2 = 0 (m2

H/f
2 = 1). The dashed

curves show the mass of the pseudoscalar Π5 for the same scenarios. Right panel: Model
II spectrum. The solid (dashed) blue lines show the mass contours (500 GeV, 1000 GeV,
2000 GeV) of mh2 (mh3). The mass of the heavy pion triplet follows closely the contours
of mh3 , and we have omitted those for clarity. The dot-dashed red lines show the same
mass contours for the non-pGB mass eigenstate of the two mixing pseudoscalar states, Π5

and SI. We have fixed sθ = 0.1.

The corresponding masses of the neutral and charged eigenstates are

m2
h1,2 =

m2
λ

2

[
1 + t2β + δ ±

(
2cθtβs2α + (1− t2β + δ)c2α

)]
,

m2
π±, 0 =m2

λ/c
2
β, m2

Π5
= t2βm

2
λ.

(3.9)

Using Eq. (3.8) and expanding in s2
θ and t−2

β , we then find

m2
h1 ' m

2
λ

(
s2
θ + (1− t−2

β )δ
)
, m2

h2 ' m
2
λ

(
1 + t2β

)
, m2

π±,0 = m2
λ

(
1 + t2β

)
. (3.10)

We now identify the lightest of the neutral CP-even eigenstates with the 125-GeV
Higgs boson. In most of parameter space this is the h1 state, but for 1+δ > t2β it is instead

h2 as seen from Eq. (3.6). We denote the heavier CP-even eigenstate by H.
We show the mass of H for fixed m2

H/f
2 = 0, 1 in the (sθ, tβ) plane in the left panel

of Fig 1. The simple scaling of the heavy masses with tβ, roughly independent of sθ, is
apparent in the m2

H/f
2 = 0 case (blue lines). Instead the dependence on sθ in the case

m2
H/f

2 = 1 (red dotted lines) follows from the vev condition Eq. (1.1) implying the scaling

m2
λ ' m2

H ' v2
EWs

−2
θ t−2

β which cancels the t2β factor in the heavy mass formulas. The mass

of the heavy pion triplet nearly coincides with the mass of the heavier CP-even state for
the parameters we consider, and we have omitted that for clarity in the plot.

Using the experimental value of the Higgs mass and fixing the mass parameter to
m2
H = 0 (m2

H = f2), we show on the left panel of Fig. 2 with blue (yellow) contours the
value of λH in (sθ, tβ) plane. The figure demonstrates that the value of λH may only
be increased slightly beyond its value in the SM λSM ≈ 0.129 unless tβ is very small.
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Figure 2: Left panel: Values of λH . Blue (yellow) contours represent the case m2
H/f

2 = 0
(m2

H/f
2 = 1). Right panel: The contours show the value of ΛTC = 4πf in TeV corre-

sponding to a 1 TeV heavy Higgs mass. The region λH < 0 is excluded by the requirement
of stability of the potential. For ΛTC → ∞ the curves lie on top of the ΛTC = 50 TeV
contour so the shaded area results in no viable solutions. More details in the text.

Since for large tβ, the light Higgs mass is a sum of two manifestly positive contributions,
cf. Eq. (3.10), the scalar quartic coupling is bounded for a given value of tβ to λH . λSM/s

2
β,

and the bound is only reached in the limit m2
H → 0, sθ → 0. Furthermore, for tβ → ∞,

this bound reduces to the SM value. On the right panel of Fig. 2, we show the contour
lines in the (tβ, λH) plane for different values of ΛTC = 4πf in TeV having fixed the Higgs
mass, and the mass of the heavier eigenstate to 1 TeV for concreteness. In the lower shaded
region, λH < 0 and this is excluded due to vacuum instability. The boundary of the upper
blue shaded region shows the maximum allowed value of λH for which the correct Higgs
mass can still be achieved as a function of tβ. The ΛTC → ∞ contours lie very close to
the ΛTC = 50 TeV contour. This boundary is almost independent of the fixed value of the
heavy eigenstate mass, and the blue shaded region is thus inaccessible.

The accessible values of λH shown in Fig. 2, together with the enhanced top Yukawa
in Eq. (3.5), make it clear that it is important to consider the vacuum stability constraints
on the model.

3.2 RG analysis and vacuum stability

The running of λH is driven dominantly by the top loop, as in the SM. However, compared
to the SM, the top Yukawa coupling of the elementary interaction eigenstate, σh, is en-
hanced by yt = ySM

t /sβ. Therefore λH will run negative faster than in the SM for the same
weak scale initial value, and the vacuum of the model will, thus, not be stable in all of pa-
rameter space. The problem is similar to that in bTC [13] and in type-I two-Higgs-doublet
models (2HDM).

In Appendix A, we tabulate the one-loop beta functions for the bTC/pCH framework
with NF new SU(2)L-doublet fermionic fields, QL = (UL, DL), transforming under the
representation RF of the new strong gauge group. These fields will couple to the elementary
Higgs doublet, H, through Yukawa-like interactions with couplings yU and yD.
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Figure 3: The blue (red) regions illustrate the vacuum instability (non-perturbativity)
scale. The dashed lines show the values of ΛTC = 4πf in GeV. Left panel: m2

H = 0.
On the boundaries of the regions, the vacuum is stable (couplings pertubative) up to
Λ = MPl = 1.22 · 1019 GeV, 1010 GeV, 108 GeV. Right panel: m2

H/f
2 = 1. On the

boundaries of the regions, the vacuum is stable up to Λ = 107 GeV, 106 GeV, 105 GeV.

In the numerical analysis we assume that the top quark Yukawa and the EW gauge
couplings run as in the SM below the condensation scale ΛTC, and we neglect the threshold
effects on the quartic coupling running. We fix the initial values of the SM gauge couplings
at µZ = mZ , and the value of the SM top Yukawa from ySM

t (mt) as in [25]. Furthermore,
at the condensation scale, ΛTC, we fix the TC gauge coupling to the estimate of the critical
value [26], αc

TC = κ
C2(RF ) , where κ ∼ O(1), and we assume identical Yukawa couplings of

the U,D technifermions yU (ΛTC) = yD(ΛTC) ≡ y0
Q. However, we note that since yUD � 1

throughout parameter space consistent with the vacuum and Higgs mass conditions, the
contribution of the new fermions to the running of the quartic coupling is negligible.

In Fig. 3, we show the vacuum instability and perturbativity scales, Λstab,Λpert, resp.,
defined through λH(Λstab) = 0, λH(Λpert) = 4π, in the sθ, tβ plane for two different values
of m2

H/f
2 = 0 and m2

H/f
2 = 1. Small values m2

H/f
2 � 1 correspond to large values of

λH as is evident from the vacuum equations and yield a larger vacuum instability scale.
As seen in the left panel of Fig. 3, there is a narrow window in parameter space with
vacuum stability and perturbativity up to the Planck scale for relatively small tβ. For
even smaller values of tβ, the quartic becomes non-perturbative, whereas for larger values
of tβ the initial value of λH decreases, while the top coupling is still enhanced leading to
vacuum instability at lower scales. Increasing m2

H/f
2 lowers the viable values of λH , and

this window is lost as seen in the right panel of Fig. 3.
The same increase in scale happens when sθ is reduced with m2

H and tβ fixed. This
corresponds to decreasing of v/f and thus from the vacuum conditions and the Higgs mass
condition increasing λH .

Overall, demanding a stable vacuum to high scales requires tuning m2
H/f

2 small. This
implies at least a modest hierarchy between the scalar mass parameter and the composite-
ness scale. On the other hand, increasing the (absolute value of the) scalar mass parameter,
m2
H , with respect to the SM value requires tuning sθ � 1 small. This must arise from bal-

ancing two sources of unrelated physics. In Fig. 4, we show the maximum allowed values of
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Figure 4: The blue band shows the maximum allowed value of
√
m2
H as a function of sθ

if stability at least up to the compositeness scale, ΛTC = 4πf , is required and tβ is varied
within the range 1 . . . 10. The dashed (dot-dashed) line shows f as a function of sθ for
constant value of tβ = 1 (tβ = 10).

m2
H as a function of sθ demanding vacuum stability at least up to the compositeness scale,

ΛTC = 4πf . This constrains the maximum possible m2
H regardless of the UV completion

above the compositeness scale. We emphasize that while tuning sθ � 1 allows for larger
values of m2

H , it does not increase the maximum possible value of m2
H/f

2. For example for

sθ = 0.1, and tβ = 1 (tβ = 10) we find max
(
m2
H
f2

)
≈ 0.3 (14.5), whereas for sθ = 10−3, the

corresponding value is 0.1 (5.7).

3.3 Additional source for the top-quark mass

As seen in the previous RG analysis, in the simplest partially composite scenarios, the top-
Yukawa coupling is enhanced with respect to the SM driving the running quartic coupling
to negative values before the Planck scale in most of parameter space. As seen in Fig. 3,
there is a small region where the weak scale value of the quartic itself is sufficiently enhanced
with respect to the SM Higgs value, to counter balance the enhanced top Yukawa. A way to
reduce the constraints from vacuum stability is to assume the top quark mass is not entirely
due to the elementary scalar vev, but acquires a contribution from some still unspecified
dynamics. This implies a reduction of the top Yukawa coupling of σh in Eq. (3.5).

To this end, we start by adding a four-fermion operator between the top and the
techniquarks

L4f ∼−
YtYU
Λ2
t

(q̄LtR)†α(QTPαQ) + h.c. (3.11)

We discuss the possible sources of the above four-fermion operator in the end of the section.
Upon the condensation of the techniquarks, this yields a contribution to the top mass,

i.e.

L4f ∼ −4πf3Z2
YtYU
Λ2
t

Tr[P1Σ]t̄t = −y′tfsθ t̄t+ . . . , (3.12)
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where

y′t ≡
4πf2YtYUZ2

Λ2
t

. (3.13)

Furthermore, this gives a contribution to the effective potential via the top loop

Vtop = −Cty′ 2t f4 |Tr[PαΣ]|2 = −Cty′ 2t f4s2
θ + . . . (3.14)

Ignoring the subdominant EW-gauge contributions, the effective potential becomes

Veff,top = Veff + Vtop (3.15)

where Veff is given in Eq. (2.9). Defining ξt as the fraction of the top mass originated from
this new contribution,

y′tfsθ ≡ ξtmt, (3.16)

the vacuum condition in θ is changed to

0 =
∂Veff,top

∂θ

∣∣∣∣
vac

=
∂Veff

∂θ

∣∣∣∣
vac

− 2f2Ctξ
2
tm

2
t

tθ
. (3.17)

The neutral mass matrix becomes

M2
h,top = m2

λ

(
1 + δ −cθtβ
−cθtβ t2β + 2Ctξ

2
tm

2
t /m

2
λ

)
. (3.18)

The effect of the additional contribution to the top mass has only a tiny effect on
the vacuum alignment and the scalar mass eigenvalues in most of the parameter space.
Therefore, for subdominant contribution to the top mass, the main effect is just a small
reduction of the top-Yukawa coupling, with Eq. (3.5) modified into

yt = ySM
t (1− ξt)/sβ. (3.19)

However, in the simplest UV-completion scenarios of the four-fermion operator, the effective
treatment is valid only if the contribution to the top mass is very small.

A simple possibility to generate the four-fermion operator in Eq. (3.11) is to add an
additional heavy scalar doublet that couples to the top quark and to the new fermions and
can be integrated out above the compositeness scale ΛTC ∼ 4πf [11]. Another possibility
would be devising extended-technicolor (ETC) interactions [8, 9]. As opposed to ordinary
TC models, ETC would only have to give a small contribution to the top mass. This would
allow a higher ETC scale and thus alleviate the constraints from flavour-changing neutral
currents. It would also potentially simplify the ETC construction, having only to involve
the third generation as in e.g. Ref. [27]. A small reduction (at the per cent level), such
as provided by a new isospin-symmetric sector giving equal mass contributions to both
top and bottom and providing all of the bottom mass already soften the rapid decrease
of the quartic coupling via the RG, thus enlarging the allowed range of parameter space
constrained by vacuum instability. The stability plots for the value ξt = mb/mt ' 0.025
are shown in Fig. 5. The figures thus correspond to those in Fig. 3, except that part of
the top mass now originates from the four-fermion operator above. The situation is in fact
similar to the SM case where the uncertainty in the top mass could, in fact, bring the SM
from meta-stable to stable.

3.4 Phenomenology

In this section we study constraints on the model arising from the modified Higgs couplings,
from searches for new heavy scalars, and the new contributions to B-meson mixing.
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Figure 5: Corresponding plots to Fig. 3 with ξt = mb/mt. On the unshaded area Λ ≥MPl.
The dashed lines show the values of 4πf in GeV.

3.4.1 Higgs couplings

To study the couplings of the 125-GeV Higgs state, we first define the κf,i and κV,i coeffi-
cients, parameterising the couplings of the mass eigenstate hi, i = 1, 2 to SM fermions, f ,
and vector bosons, V , relative to the SM Higgs boson couplings

κf,i ≡
ghif̄f

gSM
hf̄f

, κV,i ≡
ghiV V
gSM
hV V

, i = 1, 2. (3.20)

The h1 coefficients and their s2
θ, t
−2
β � 1 expansions to second order are given by

κV,1 = cαsβ − sαcβcθ → 1− 1

2
s2
θt
−2
β ,

κf,1 = cα/sβ → 1 +
1

2
s2
θt
−2
β − t

−4
β δ .

(3.21)

The h2 coefficients and their expansions to first order are given by

κV,2 = sαsβ + cαcβcθ → δt−3
β ,

κf,2 = sα/sβ → t−1
β + δt−3

β −
1

2
t−1
β s2

θ.
(3.22)

The exact expressions above coincide with those derived in Ref. [2] and with those in a
type I 2HDM except for the appearance of cθ.

Since the 125-GeV Higgs state is identified with h2 instead of h1 in the small part of
parameter space with 1+δ > t2β as discussed below Eq. (3.10), we use κf and κV to denote
the coupling coefficients of the 125-GeV Higgs state in all of parameter space. We show the
values of these coefficients in the left panel of Fig. 6 for m2

H = 0 (δ = 2) together with the
region disfavoured at the 2σ level by LHC measurements of the Higgs couplings from [28].
In the parameter space shown, the deviation of κf from unity is nearly independent of sθ
as follows from Eqs. (3.21) and (3.22) when δ is sufficiently large. In the very small tβ
region, the expansions are no longer applicable.
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Figure 6: Left panel: The blue (red) curves show |κt| (|κV |) for m2
H = 0 case. The shaded

region shows the 2σ exclusion from the two-parameter κf , κV fit [28]. Right panel: Region
in which κb is within 2σ of the measured value |κb| = 0.57± 0.16, improved w.r.t. the SM
prediction.

The figure demonstrates how most of the considered parameter space is still viable, but
interestingly the classically scale-invariant region in Fig. 3 with vacuum stability up to the
Planck scale is just above what is currently probed by LHC Higgs coupling measurements.
For larger values of m2

H (smaller δ) the deviations from the SM value are even smaller.
In the case where we allow for a small part, ξt, of the top mass coming from a new

sector encoded in the four-fermion interaction in Eq. (3.11), the coupling of the top quark
to Higgs is only slightly further modified:

κt = −ξt
sαcθ
cβ

+ (1− ξt)
cα
sβ
. (3.23)

A motivated possibility would be a new isospin-symmetric sector providing equal mass
contributions to the third generation and providing all of the bottom mass. In this case
ξt = mb/mt, and this would result in a significant modification in the couplings of the
partially composite Higgs to bottom quarks:

κb = −sαcθ
cβ

. (3.24)

Interestingly, the measured value of this coupling by ATLAS and CMS combined is |κb| =
0.57 ± 0.16 [28] and indicates a reduction of approximately 2.7σ with respect to the SM
prediction according to the estimate which allows beyond-the-SM contribution in the loops.
In the right panel of Fig. 6, we show the favoured region in which |κb| is within the 2σ
region of the measured value, for m2

H = f2, and m2
H = 0. This reduction favours large

values of sθ, which implies a tension with the requirement of vacuum stability up to high
scales.

3.4.2 Scalar production

First, we study the production of the heavier CP-even eigenstate, which we denote by H
as above, at the LHC. Although the top coupling dominates the branching ratios paramet-
rically, we find that the vector decay modes yield the strongest constraint. We show the
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limits in Fig. 7 and find again that most of the parameter space of the model is viable.
However, the LHC search for H production in the ZZ channel is in fact able to rule out
the region stable up to the Planck scale for m2

H = 0.
The excluded cross sections at 95% CL shown in the figure correspond to analyses

using collisions at 13 TeV in the center-of-mass energy to search for heavy resonances
in WW/WZ production in the decay channel `νqq [29] (blue), ZZ production in the
decay channels `+`−`+`− and `+`−νν̄ [30] (orange), ZZ and ZW production in the decay
channels ``qq and ννqq [31] (red) and Higgs boson pairs decaying into bbττ [32] (green).
The decays of the light Higgs have been approximated by the SM prediction. The limits
are shown in dashed lines.

An interesting point to note is that the tt̄ decay channel dominates above threshold,
cf. Eq. (3.22). Resonant top-pair production is, however difficult to compute precisely
due to large interference effects and QCD corrections [33–35]. The potential of the LHC
experiments to observe this signal will rely on the ability to measure not only peak, but
also other lineshape structures, such as peak-dip and pure dips. This search is also one of
the most important programs of the LHC, since the top quark may well be related to new
physics and has the least constrained interactions.

In the model an extra complication, which could in fact strengthen the signal, is the
presence of near degenerate resonances: the three states, H, π0 and Π5 have differences
in mass of the order of few GeV, as can be seen in the left panel of Fig. 1, and thus the
peak of the top pair production cross-section is expected to be enhanced—although we
note that the Π5 decays into top quarks only via higher-scale physics [36]. Top quark pair
production in the CP-conserving Type-II 2HDM with degenerate masses mH = mA and
including interference effect has been considered by the ATLAS collaboration at

√
s = 8

TeV [37]. In the limit of small sθ, the model here is well approximated by this case. The
exclusion limit at 95% CL with mH = mA = 500 GeV is tβ = 1.5, and the exclusion limit
decreases to approximately tβ = 0.9 for mH = mA = 600 GeV. At these mass values, the
tβ values in the pCH models considered here are still significantly higher (cf. Fig. 1), but
we expect improved results from Run II. For heavier masses, the analysis in Ref. [37] is not
optimal, and the boosted regime must be considered. In Ref. [38] the LHC reach was studied
for this kind of model through a reinterpretation of the top pair differential cross section
measurement in both the boosted and resolved regimes. Although the near degenerate case
was not considered, it seems to indicate that a very low systematic uncertainty must be
achieved.

3.4.3 B0 −B0 mixing

Models with two Higgs doublets, including bTC models [11, 13], are in general constrained

by measurements of B0 − B0 mixing. Following [39], we calculate the contribution from

the heavy pions to B0 − B0 mixing taking into account the next-to-leading order (NLO)
QCD corrections. The mass splitting can be written as

∆mB =
G2

F

6π2
m2
W |VtdV ∗tb|2S(xW , xπ)η(xW , xπ)BBf

2
BmB, (3.25)

where xW,π ≡ m2
t /m

2
W,π. The lengthy expressions for the functions S and η can be found

in Ref. [39] and we use the current QCD lattice estimate of the decay constant fB
√
BB =

216±10 MeV [40]. Using the experimental result ∆mB = (3.3321±0.0013)·10−13 GeV [41],
we show the 2σ exclusion region in the (mπ, tβ) plane, along with the result for the pion
mass for m2

H = 0 in Fig. 8. The figure shows that the region with low tβ . 1.5 is in tension

with also the B0 −B0 results.
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Figure 7: σ×Br(H → XX) for the benchmark scenario with fixed sθ = 0.1 and m2
H = 0.

The arrow shows the growing tβ, and the points 1, 2, and 3 represent tβ = 1, 1.7, 3.6, resp.
The LHC limits are shown in dashed lines.
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Figure 8: Excluded region by B0 −B0 mixing. The dashed curve shows the value of mπ

calculated for the benchmark scenario with m2
H = 0.

4 Model II: RG analysis and phenomenological constraints

We now consider the analysis of our Model II where the SU(2) doublet of elementary scalars
is extended to a full SU(4) multiplet Φ. We refer to Sec. 2.2 for a short review of the model
and the effective potential.

4.1 Vacuum and spectrum

Following Ref. [5], we proceed to minimize the effective potential given in Eqs. (2.13)–
(2.15). This yields equations of constraint for the SU(4) invariant Yukawa coupling, yQ,
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the vev of the singlet scalar, vS , and the SU(4)-breaking mass parameter, δm2:

yQ =
m2
λv

8
√

2πZ2f3sθ
, vS =

C̃gZ
2
2f

4s2
θ − v2m2

λ

tθvm
2
λ

, δm2 =
C̃gZ

2
2f

4s2
θm

2
λ

v2m2
λ − C̃gZ2

2f
4s2
θ

, (4.1)

where v ≡ 〈σh〉, vS ≡ 〈SR〉, m2
λ ≡ m2

Φ + λΦ(v2 + v2
S), and C̃g ≡ Cg(3g2 + g′ 2).

The three CP-even neutral states σh,Π4, SR mix, but with the δm2 perturbation in
the scalar potential, we do not have simple analytical formulas for the mass mixings. We
therefore solve numerically the rotation matrix, R, defined by h1

h2

h3

 ≡ R
 σh

Π4

SR

 . (4.2)

The lightest mass eigenstate, h1, is identified with the observed Higgs boson with mass
mh1 = 125 GeV. The masses of the physical heavy pion triplet, π±,0, orthogonal to those
eaten by the W and Z bosons are given by

(m±,0π )2 =
8
√

2πZ2v
2
wyQ

tβs
2
θ

. (4.3)

There are two additional CP-odd states in the spectrum: the mass eigenstates composed
of Π5 and SI. The spectrum for fixed sθ = 0.1 is shown in Fig. 1.

As shown in [5], it is also in this model possible to achieve the EWSB driven purely by
the strong dynamics with m2

Φ > 0, δm2 > 0. In particular, in the viable parameter space
able to produce the correct Higgs mass, the quartic coupling is generically enhanced with
respect to the SM value. Furthermore, δm2 ∼ m2

Φ ∼ f2, and thus for sθ . 0.1 the scalar
mass parameters reach above 1 TeV.

4.2 RG analysis

The values of the new Yukawa couplings, yQ, for successful vacuum solutions are very
small, yQ � 1 throughout the parameter space that we consider. We therefore neglect
their contributions to the one-loop β-functions of the model given in App. B.

The vacuum stability is improved with respect to Model I due to the enhanced quartic
coupling, λΦ, in most of the parameter space. However, the extended scalar sector now
plays an important role because the SM-singlet elementary scalars, SI,R, do not couple to
SM fermions, and due to yQ � 1 only very feebly to the techniquarks. Their quartic self-
couplings may therefore develop Landau poles, and in fact the bounds on parameter space
from perturbativity of these couplings are more relevant than that coming from requiring
vacuum stability. We calculate the scale, Λ, at which at least one of the couplings exceeds
4π, and plot the contours of Λ = MPl, 1015 GeV, 1012 GeV as dashed vertical lines in
Fig. 9 along with the mass parameters m2

Φ and δm2. Below the cyan line on the left panel
of Fig. 9, m2

Φ > 0, while δm2 > 0 throughout, and the EWSB is completely induced by the
composite sector. On the shaded gray region, the correct Higgs mass cannot be achieved.
See Ref. [5] for details.

One possibility to tame the running of the quartic couplings of the EW-singlet scalars
SI,R is to couple these to right-handed neutrinos νR with . O(1) Yukawa couplings. This
will drive the singlet quartics down, and result in higher perturbativity scale, as shown in
Ref. [42] in a generic framework with one singlet scalar and singlet fermion. Interestingly,
in this case one family of leptons eL, νL, e

∗
R, νR may be embedded into a full SU(4) multiplet

under the global symmetry analogously to the technifermions, as done in e.g. Ref. [43].
The vev in the singlet direction would in this case give dynamical Majorana masses for the
νR’s, while the vev in the doublet direction would yield a Dirac mass term. We leave the
specifics of this construction for future work.
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Figure 9: The values of mass parameters
√
|m2

Φ| (
√
δm2) are shown in left (right) panel

when the Higgs mass is imposed for fixed sθ = 0.1. Below the cyan line m2
Φ > 0, while

δm2 > 0 throughout. On the gray region on the left, no solution to the Higgs-mass
constraint is found. See Ref. [5] for details. The dashed vertical lines show the parameter
values where the maximum scale up to which the perturbativity of the coupligns can be
attained is 1012 GeV, 1015 GeV or MPl.

4.3 Phenomenology

The constraints from B0 − B0 mixing are not relevant in the parameter space considered
in Fig. 9 because the scalar masses are now heavy in the range where tβ is small and vice
versa. The functions S and η in Eq. (3.25) are therefore always small. The κ-coefficients
for this model, defined as in Eq. (3.20) but now with i = 1, 2, 3, can be written in terms of
the rotation matrix defined in Eq. (4.2) as

κf,i =
Ri1
sβ

, κV,i = Ri1sβ +Ri2cβcθ, i = 1, 2, 3. (4.4)

We refer to Ref. [5] for an explicit illustration of the κf,1-coefficient for fixed value of
sθ = 0.1. We conclude that for the most of the parameter space, the model is within the
2σ region of two-parameter fit of κf,1, κV,1 on the combined CMS+ATLAS Run 1 data [28].

We present the collider limits relevant to the next to lightest neutral CP-even scalar,
h2, in Fig. 10. The constraint from searches for heavy neutral scalars in the ZZ channel is
reduced as compared to the SU(2)-doublet-scalar case due to the additional mixing with
the singlet SR. At face value, disregarding the fluctuations at small masses, the limit is
about 225 GeV. In particular we note that the top coupling is significantly suppressed as
compare to the Model I, and even at large mass the tt̄ production is subdominant.

On the other hand, the π0 and h3 states decay almost exclusively to tt̄ for sθ . 0.1 as
can be seen in the branching ratio to tt̄ shown in Fig. 11c (off-shell decays were neglected
in the figure). At larger values of sθ, the masses can get lower than the tt̄ threshold,
mπ0 < 2mt, and other decay channels become important, cf. Fig. 11a. In the case of h3,
the opening of other channels is more severe since it couples at tree level to weak bosons
and to di-Higgs. For the π0 state, the Zh channel becomes dominant.
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In the case where the top decay channel prevails, we can have a situation in which the
LHC might be able to observe these states. To see this, we first note that these states are
nearly degenerate in mass (see Fig. 1) and therefore they would be seen as a single summed
peak at the LHC detectors. To access the magnitude of the peaks, we further note that the
coupling of both states to top quarks are very similar, and thus also their total widths (in
the case of top dominated) as can be seen in Fig. 11b (the variation with λφ is very small).
Therefore, the production of both resonances can be effectively parametrized by the sum
of the couplings. The magnitude of this sum could be within the expected reach of LHC,
even for heavy masses, if the systematic uncertainty in tt̄ can be mildly improved [38].

5 Conclusions

In this paper, we have studied the phenomenology of partially composite Higgs models
based on the coset SU(4)/Sp(4). In particular, we have considered the constraints on their
parameter space from vacuum stability and perturbativity of the scalar self-couplings,
together with constraints coming from Higgs coupling measurements, B0−B0 mixing and
LHC searches for new heavy scalars.

We considered two realisations of the elementary scalar sector: a minimal one with
a single EW doublet coupled to the new fermions, and one with an SU(4) multiplet of
scalars. In both models the new fermions feature vector-like current masses needed for the
proper vacuum alignment; in the latter model they are dynamically generated by a vev of
a EW-singlet component of the SU(4) scalar multiplet.

We have shown that in the minimal model there exists a region of allowed parameter
values such that the vacuum remains stable and couplings perturbative up to the Planck
scale. The EWSB is induced dynamically via the condensation in the strongly-interacting
new fermion sector. However, it is only possible to push the value of the mass parame-
ter of the elementary scalar towards the compositeness scale Λ = 4πf , and not beyond,
at the expense of a lower vacuum stability scale. If we require stability of the vacuum
up to the compositeness scale we find a bound on the mass parameter which is roughly
m2
H . (0.1 s−1

θ TeV)2. Conversely, the parameter region with vacuum stability up to the
Planck scale lies near the classically scale-invariant region. However, we also show that
LHC searches for new heavy CP-even scalars exclude this narrow stable window, while the
constraints from a global fit to LHC Higgs coupling measurements and B0 − B0 mixing
measurements are just beginning to probe this part of parameter space.

In summary, in most of the parameter space of the minimal model, the vacuum be-
comes unstable before the Planck scale due to the enhanced top-Yukawa coupling of the
elementary scalar as compared to the SM Higgs. This issue can be alleviated, if the top
quark acquires a small part of its mass, e.g. of the order of the b-quark mass, from some
other source than the elementary scalar. One such source could be ETC-type four-fermion
operators. However, large modifications in the bottom-Higgs coupling would then lead to
tension with the measurements in the stability region.

The second model with a full SU(4) multiplet of scalars allows for dynamical generation
of the vector-like masses of the new fermions, and the required explicit breaking of the
SU(4) symmetry can be in the scalar potential as opposed to the Yukawa couplings in the
minimal model. The quartic scalar couplings are in general enhanced compared to the
SM removing the vacuum stability issue. However, due to the non-minimal scalar content,
the singlet-scalar couplings instead develop Landau poles before the Planck scale in part
of the parameter space. Again this limits the scalar mass parameters to the TeV region.
One possibility to alleviate this problem is coupling the EW-singlet scalars to right-handed
neutrinos. This model is also less constrained by current LHC searches and B0−B0 mixing,
but the top decay channel might provide an interesting possibility to observe the heavier
scalar states of the model at the LHC in the future.
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A RG equations: elementary doublet

We consider a rather generic bTC framework featuring NF new SU(2)L-doublet fermionic
fields, QL = (UL, DL), transforming under the representation RF under the new strong
gauge group, and coupling to the elementary Higgs doublet via Yukawa interactions. The
one-loop evolution of the relevant couplings above the condensation scale, ΛTC, is given by

16π2βgc =− 7g3
c ,

16π2βgTC =−
(

11

3
C2(A)− 8

3
·NFT (RF)

)
g3

TC ,

16π2βgL =−
(

19

6
− 2

3
NFd(RF)T (RF)

)
g3

L,

16π2βgY =

(
41

6
+

4

3
NFd(RF)

(
4Y (QL)2 +

1

2

))
g3
Y ,

16π2βyt =

(
−8g2

c −
9

4
g2

L −
17

12
g2
Y +

9

2
y2
t + d(RF)(y2

U + y2
D)

)
yt,

16π2βyU =

(
−6C2(RF)g2

TC −
9

4
g2

L −
17

12
g2
Y + 3y2

t +

(
d(RF) +

3

2

)
y2
U + d(RF)y2

D

)
yU ,

16π2βyD =

(
−6C2(RF)g2

TC −
9

4
g2

L −
5

12
g2
Y + 3y2

t +

(
d(RF) +

3

2

)
y2
D + d(RF)y2

U

)
yD,

16π2βλ =24λ2 + λ
(
−3
(
3g2

L + g2
Y

)
+ 12y2

t + 4d(RF)
(
y2
U + y2

D

))
+

3

8

(
2g4

L +
(
g2

L + g2
Y

)2
)
)
− 6y4

t − 2d(RF)(y4
U + y4

D),

(A.1)

where

βg ≡
dg

d logµ
, (A.2)

T (RF) and d(RF) are the index and dimension of the representation RF, and C2(A) is the
quadratic Casimir of the adjoint representation.

B RG equations: SU(4) multiplet of elementary scalars

Here we write down the RG equations for specific bTC framework based on SU(4)/Sp(4)
coset described in the main text. The new SU(2)L-doublet fermionic fields, QL = (UL, DL),
transform in the fundamental representation of the new strong gauge group, and couple
to the multiplet of elementary scalars transforming in the two-index antisymmetric repre-
sentation of SU(4) via Yukawa interactions. From the RG point of view, the scalar sector
corresponds to an EW doublet and two singlets, and the SU(4) invariance of the potential
can be achieved only for one renormalisation scale µ0. The quartic scalar potential can be
written as

V (4) = λH(H†H)2+
λSR

4
S4
R+

λSI
4
S4
I+λHSR(H†H)S2

R+λHSI (H
†H)S2

I+
λSRSI

2
S2
RS

2
I , (B.1)

with SU(4)-symmetric boundary values λH(µ0) = λSR(µ0) = λSI (µ0) = λHSR(µ0) =
λHSI (µ0) = λSRSI (µ0) = λΦ.

The one-loop evolution of the relevant couplings above the condensation scale, ΛTC, is
given by (we ignore the new Yukawa couplings, since for the viable parameter points able
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to give the correct Higgs mass, yQ . 0.1 throughout the parameter space we consider, and
are thus their contribution to the β-functions is completely subdominant)

16π2βgTC =− 6g3
TC, 16π2βgL = −5

2
g3

L, 16π2βgY =
15

2
g3
Y ,

16π2βyt =

(
−8g2

c −
9

4
g2

L −
17

12
g2
Y +

9

2
y2
t

)
yt,

16π2βλH =24λ2
H + 2(λ2

HSR
+ λ2

HSI
) + λH

(
−3
(
3g2

L + g2
Y

)
+ 12y2

t

)
+

3

8

(
2g4

L +
(
g2

L + g2
Y

)2
)
)
− 6y4

t ,

16π2βλHSR =8λ2
HSR

+ 6 (2λH + λSR)λHSR + 2λHSIλSRSI

+ λHSR

(
−3

2

(
3g2

L + g2
Y

)
+ 6y2

t

)
,

16π2βλHSI =8λ2
HSI

+ 6 (2λH + λSI )λHSI + 2λHSRλSRSI

+ λHSI

(
−3

2

(
3g2

L + g2
Y

)
+ 6y2

t

)
,

16π2βλSR =18λ2
SR

+ 8λ2
HSR

+ 2λ2
SRSI

,

16π2βλSI =18λ2
SI

+ 8λ2
HSI

+ 2λ2
SRSI

,

16π2βλSRSI =8λ2
SRSI

+ 6λSRSI (λSR + λSI ) + 8λHSRλHSI .

(B.2)
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