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We consider a model of dynamical electroweak symmetry breaking with a partially composite Goldstone
Higgs boson. The model is based on a strongly interacting fermionic sector coupled to a fundamental scalar
sector via Yukawa interactions. The SUð4Þ × SUð4Þ global symmetry of these two sectors is broken to a
single SU(4) via Yukawa interactions. Electroweak symmetry breaking is dynamically induced by
condensation due to the strong interactions in the new fermionic sector which further breaks the global
symmetry SUð4Þ → Spð4Þ. The Higgs boson arises as a partially composite state which is an exact
Goldstone boson in the limit where SM interactions are turned off. Terms breaking the SU(4) global
symmetry explicitly generate a mass for the Goldstone Higgs boson. The model realizes in different limits
both (partially) composite Higgs and (bosonic) technicolor models, thereby providing a convenient unified
framework for phenomenological studies of composite dynamics. It is also a dynamical extension of the
recent elementary Goldstone Higgs model.

DOI: 10.1103/PhysRevD.96.095012

I. INTRODUCTION

Gauge-Yukawa models with a strongly interacting fer-
mion sector were proposed in [1] for electroweak symmetry
breaking (EWSB) and Standard Model (SM) fermion mass
generation. The motivation was to achieve dynamical
EWSB and to alleviate the SM naturalness problem, while
circumventing the challenges in building a dynamical
gauge theory of fermion masses [2–4]. Later developments
of this idea include (partially) composite Higgs models
(pCH) [5–10] and bosonic technicolor (bTC) [11–14]. In
the former case, the SM-Higgs-like scalar can arise as a
mixture between a doublet of Goldstone bosons (GBs)
from the composite dynamics and an elementary scalar
doublet. In the latter case, a SM-Higgs-like scalar can arise
as a mixture of an isosinglet composite resonance and an
elementary scalar.

Here we study a model with four Weyl fermions trans-
forming under a new SUð2ÞTC gauge group and coupled via
Yukawa interactions to an SU(4) multiplet of scalars in the
two-index antisymmetric representation. Condensation of
the technifermions leads to dynamical EWSB and induces a
vacuum expectation value (vev) for the scalar multiplet.
This leads to an SUð4Þ=Spð4Þ coset structure and a
parameter space encompassing both the (p)CH and (b)

TC models while being a dynamical extension of the
elementary Goldstone Higgs model [15–18].

The SM fermions obtain their Dirac masses via ordinary
Yukawa couplings to the elementary scalar multiplet, while
the technifermions also obtain vectorlike masses. The weak
gauge bosons, on the other hand, obtain masses from both a
vev of the elementary Higgs multiplet and the composite
sector such that the electroweak (EW) scale vw ¼ 246 GeV
is set by

v2
w ¼ v2 þ f2 sin2 θ; ð1Þ

where v is the vev of the neutral CP-even component of
the elementary weak doublet in the SU(4) multiplet, f is
the GB decay constant of the composite sector, and θ is the
vacuum-misalignment angle (π=2 ≤ θ ≤ π). The TC limit
θ ¼ π=2, v ¼ 0 was studied in e.g. [19,20], while the CH
limit π=2 < θ < π, v ¼ 0 was considered in [21–27].
Finally the pCH limit, π=2 < θ < π, v ≠ 0, has recently
been studied in [9,10]. In all cases, the effective low-energy
description is based on the SUð4Þ=Spð4Þ coset.

Since the model here is formulated explicitly in terms of
elementary constituents, the composite contributions to the
spectrum may be predicted using lattice simulations
[28,29]. Differently from [5,9,10], the partially composite
Higgs remains an exact GB in the presence of the Yukawa
interactions between the new fermions and the scalar
multiplet. We find a quartic self-coupling of the scalar
multiplet which can be larger than that in the SM and helps
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alleviate the potential vacuum stability bounds. The quartic
coupling was set to zero in [9], and it typically comes out
small in bTC models, leading to stringent vacuum stability
bounds [14] unless the model is further extended, e.g. into a
supersymmetric framework. Finally, we also discuss the
classically scale-invariant limit of the model.

The paper is organized as follows: In Sec. II we introduce
the SU(4)-symmetric model, and in Sec. III we discuss
the minimal set of explicit breaking sources leading to the
desired phenomenology. In Sec. IV we consider the
classically scale-invariant limit, and in Sec. V we conclude.

II. THE MODEL AND THE EFFECTIVE
DESCRIPTION

We consider an underlying SUð2ÞTC TC model with four
Weyl fermions in the fundamental representation of
SUð2ÞTC. The fermion content in terms of left-handed
Weyl fields, with ~UL ≡ ϵU�

R, along with their EW quantum
numbers is presented in Table I.

With EW and Yukawa interactions turned off, the new
fermion sector features an SU(4) global symmetry, with
QL ¼ ðUL; DL; ~UL; ~DLÞ transforming in the fundamental
representation of this SU(4). In addition, we introduce an
(elementary) scalar multiplet, Φ, in the two-index anti-
symmetric representation of SU(4) transforming as Φ →
gΦgT under SU(4) transformations.

The Lagrangian describing the TC and scalar sectors is
given by

LPCH ¼ Q̄iDQ

þ DμΦ†DμΦ − m2
ΦΦ†Φ − λΦðΦ†ΦÞ2

− yQQTΦQ þ H:c:; ð2Þ
where the antisymmetric flavor structure of the fermion
bilinear, after antisymmetrizing Lorentz and gauge indices,
is kept implicit.

This Lagrangian is SU(4) invariant in the limit g; g0 → 0
and further SUð4ÞQ × SUð4ÞΦ invariant when in addition
yQ ¼ 0 with the two copies of SU(4) acting on the
fermionic and scalar sectors, respectively. Furthermore, it
is scale invariant at the classical level if m2

Φ ¼ 0.
We first consider the fermionic sector in the limit

yQ ¼ 0. The flavor-antisymmetric condensate hϵQT
I QJi ∼

f3EIJ breaks SUð4ÞQ to Spð4ÞQ. We embed SUð2ÞL ×
SUð2ÞR in SUð4ÞQ by identifying the left and right
generators,

Ti
L ¼ 1

2

�
σi 0

0 0

�
; Ti

R ¼ 1

2

�
0 0

0 −σT
i

�
; ð3Þ

where σi are the Pauli matrices. The EW subgroup is
gauged after identifying the generator of hypercharge with
T3

R; see e.g. [26,27,30] for details.
The breaking of the EW gauge group depends on the

alignment between the EW subgroup and the stability
group Spð4ÞQ. This can be conveniently parametrized by
an angle, θ, after identifying the vacua that leave the EW
symmetry intact, E�, and the one, EB, breaking it com-
pletely to Uð1ÞEM of electromagnetism. The true vacuum
can be written as a linear combination of the EW preserving
and breaking vacua, E ¼ cos θE− þ sin θEB. Either choice
of E� is equivalent, and here we have chosen E−. These
different vacua can be written explicitly [23] as

E� ¼
�

iσ2 0

0 �iσ2

�
; EB ¼

�
0 1

−1 0

�
; ð4Þ

and the angle θ is that in Eq. (1).
The composite Goldstone degrees of freedom in the

SUð4Þ=Spð4Þ coset can be parametrized by the exponential
map

Σ ¼ exp

�
2

ffiffiffi
2

p
i

f
ΠaXa

�
E; ð5Þ

where the Xa, with a ¼ 1; …; 5, are the broken generators
corresponding to the vacuum E.

We now include the scalar sector and parametrize the
scalar multiplet in terms of EW eigenstates according to
the vacuum E−. To incorporate the EW embedding, we
introduce spurions, Pα, ~Pα,

2P1 ¼ δi1δj3 − δi3δj1; 2P2 ¼ δi2δj3 − δi3δj2;

2 ~P1 ¼ δi1δj4 − δi4δj1; 2 ~P2 ¼ δi2δj4 − δi4δj2; ð6Þ

such that Hα ≡ Tr½PαΦ� and ~Hα ≡ Tr½ ~PαΦ� transform as
EW doublets with hypercharges þ1=2 and −1=2, respec-
tively. Furthermore, the projectors to the EW-singlet
directions are given by

PS
1 ¼ 1

2

� −iσ2 0

0 0

�
; PS

2 ¼ 1

2

�
0 0

0 iσ2

�
: ð7Þ

In terms of the above projectors, we can write the scalar
multiplet as

Φ ¼
X
α¼1;2

PαHα þ ~Pα
~Hα þ PS

1S þ PS
2S�; ð8Þ

where

TABLE I. The new fermion content.

SUð2ÞTC SUð2ÞW Uð1ÞY

ðUL; DLÞ □ □ 0
~UL □ 1 −1=2

~DL □ 1 þ1=2
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H ¼ 1ffiffiffi
2

p
�

σh − iπ3
h

−ðπ2
h þ iπ1

hÞ

�
; ð9Þ

and S ¼ 1ffiffi
2

p ðSR þ iSIÞ parametrizes the EW-singlet scalars.

We couple the SM fermions, in particular the top
quark, to the EW-doublet scalar H via the standard
Yukawa interactions of the form ytq̄LHtR þ H:c: where
qL ¼ ðtL; bLÞ. The techniquarks also couple to the singlet
scalar, S, via the Yukawa interacton in Eq. (2) which
induces a vectorlike mass term for them.

Turning on yQ breaks the SUð4ÞQ × SUð4ÞΦ → SUð4Þ,
and upon condensation of the technifermions the SU(4)
spontaneously breaks to Sp(4). The five GBs may be
classified as an EW-doublet Goldstone Higgs and an
EW singlet.

Below the condensation scale, the Lagrangian of Eq. (2)
yields

Leff ¼ Lkin − Veff ; ð10Þ

where, after gauging the EW subgroup, the kinetic terms
read

Lkin ¼ Tr½DμΦ†DμΦ� þ f2

8
Tr½DμΣ†DμΣ�; ð11Þ

with

DμX ¼ ∂μX − iðGμX þ XGT
μ Þ; ð12Þ

where X ¼ Φ; Σ, and the EW gauge fields are encoded in

Gμ ¼ gWi
μTi

L þ g0BμT3
R: ð13Þ

Furthermore, the effective tree-level potential is given by

Veff ¼ 4πf3Z2ðyQTr½ΦΣ� þ H:c:Þ
þ m2

ΦTr½Φ†Φ� þ λΦTr½Φ†Φ�2; ð14Þ

where Z2 is a nonperturbative constant expected to be
Oð1Þ. We use the numerical value Z2 ≈ 1.5 following from
the determination of the condensate, in the SU(2) gauge
theory with two flavors, in [28].

Then the vacuum conditions read

yQ ¼ m2
λv

8
ffiffiffi
2

p
πZ2f3sθ

; tθ ¼ −
v
vS

; ð15Þ

where v ≡ hσhi, vS ≡ hSRi, and m2
λ ≡ m2

Φ þ λΦðv2 þ v2
SÞ.

We use the shorthand notations sx ≡ sin x; cx ≡ cos x, and
tx ≡ tan x throughout the paper.

The CP-even neutral states σh, Π4, and SR mix. Using
Eq. (1) and

tβ ≡ v
fsθ

; ð16Þ

we can write the mass eigenvalues as

m2
1 ¼ 0; m2

2 ¼ m2
λ

c2
β

; m2
3 ¼ m2

λ þ 2λΦv2
w

s2
β

s2
θ

: ð17Þ

The eigenstates corresponding to the eigenvalues are
given by

h1 ¼ sβcθσh þ cβΠ4 þ sβsθSR;

h2 ¼ cβcθσh − sβΠ4 þ cβsθSR;

h3 ¼ sθσh − cθSR: ð18Þ
In the limit of tβ ≫ 1 and sθ ≪ 1 the massless h1 state is
mostly σh, the scalar excitation of the elementary doublet.
The additional four massless states are the would-be GBs
eaten by the W and Z bosons as well as an additional
CP-odd state.

III. BREAKING OF THE GLOBAL SU(4) AND
A PSEUDO-GOLDSTONE HIGGS

The gauging of the EW subgroup and the Yukawa
interactions between H and the SM fermions break the
global symmetry explicitly. The dominant EW effect comes
from gauge-boson loops with the techniquarks. The one-
loop corrections to the elementary scalar potential from the
EW and SM-fermion sectors, i.e. the Coleman-Weinberg
potential [31], are higher order in perturbation theory. We
include the leading EW contribution in the effective
potential by adding the effective operators [32,33],

Vgauge ¼ −Cg

�
g2f4

X3

i¼1

TrðTi
LΣðTi

LΣÞ�Þ

þ g02f4TrðT3
RΣðT3

RΣÞ�Þ
�
; ð19Þ

where Cg is a positive loop factor, and we expect
Cg ∼ Oð1Þ. For the effective potential, these yield

Veff ⊃ −
1

2
~CgZ2

2f
4c2

θ; ð20Þ

where ~Cg ≡ Cgð3g2 þ g02Þ.
Another possible source of explicit breaking of the

global symmetry is splitting of the masses of the
EW-doublet and -singlet components of the scalar multi-
plet, Φ. We expect a small splitting from quantum correc-
tions from the top quark and EW gauge sectors, but here we
simply add an explicit mass resulting in such a splitting,

Vδm2 ¼ 2δm2Tr½PS
i Φ�Tr½PS

i Φ��

¼ 1

2
δm2ðS2

R þ S2
I Þ: ð21Þ
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We note that the mass of the fifth CP-odd GB state may
be lifted by adding two independent mass terms for the
singlets without affecting vacuum alignment.

A. Vacuum and spectrum

Taking the above sources of explicit SU(4) breaking into
account, the vacuum conditions now read [cf. Eq. (15)]

yQ ¼ m2
λv

8
ffiffiffi
2

p
πZ2f3sθ

;

vS ¼
~CgZ2

2f4s2
θ − v2m2

λ

tθvm2
λ

;

δm2 ¼
~CgZ2

2f
4s2

θm
2
λ

v2m2
λ − ~CgZ2

2f4s2
θ

: ð22Þ

The CP-even neutral states σh, Π4, and SR again mix, but
due to the explicit breaking of SU(4), the lightest mass
eigenstate h1 now acquires a nonzero mass and becomes a
pseudo-GB (pGB). We fix the mass of this lightest state to
the observed Higgs mass, mh1

¼ 125 GeV, and show the
values of the Lagrangian mass parameters f; δm2, and m2

Φ
for fixed values of sθ ¼ 0.1, 0.3 and Cg ¼ 1 in the ðλΦ; tβÞ
plane in Figs. 1 and 2, respectively. Below the cyan line in
the upper panel, m2

Φ > 0, while δm2 > 0 throughout the
parameter space as shown in the lower panel. In particular,
we can achieve correct EWSB driven purely by the strong
dynamics m2

Φ > 0, δm2 > 0. Furthermore, we generically
have δm2 ∼ m2

Φ ∼ f2, and for sθ ≲ 0.1 it is possible to reach
scalar mass parameters above a TeV.

The ratio m2
Φ=f2 can be written for sθ ≪ 1 as

m2
Φ

f2
¼ 8

ffiffiffi
2

p
πZ2yQ

tβ
−λΦ

�
t2
β þ

~C2
gZ2

2

128π2y2
Q

−
~CgZ2tβ

4
ffiffiffi
2

p
πyQ

�
: ð23Þ

If we require tβ > 1.3 to avoid the Landau pole for the top-
Yukawa coupling and the flavor-changing neutral currents
from the heavy pseudoscalars and restrict λΦ < 1, then the
Higgs mass constraint mh1

¼ 125 GeV results in yQ ≲ 0.1
and further m2

Φ=f2 ≲ 4 with the maximum at large λΦ and
small tβ.

The masses of the heavy pion triplet can be written as

m2
π ¼ 8

ffiffiffi
2

p
πZ2v2

wyQ

tβs2
θ

; ð24Þ

and they are of the same order as the heavy scalar masses.
The additional scalars are also relatively heavy, scaling
roughly with δm2. The two remaining CP-odd states in the
spectrum are the mass eigenstates composed of Π5 and SI.

B. Couplings

To study the viability of the model in light of the current
experimental data, we parametrize the rotation to the mass
eigenbasis by

0
B@

h1

h2

h3

1
CA ¼ R

0
B@

σh

Π4

SR

1
CA; ð25Þ

and define the coefficients

κt ≡ gh1 t̄t

gSM
ht̄t

¼ ytR11

ySM
t

¼ R11

sβ
; ð26Þ

and

κV ≡ gh1WþW−

gSM
hWþW−

¼ R11sβ þ R12cβcθ: ð27Þ

We solve the R matrix numerically and show thevalues of the
κt coefficient for fixed values of sθ ¼ 0.1 and Cg ¼ 1 in the
ðλΦ; tβÞ plane in Fig. 3; the values of κV are almost identical,
and therefore we do not show them separately here.

FIG. 1. Contours of the absolute value of the mass parameterffiffiffiffiffiffiffiffiffiffi
jm2

Φj
p

(
ffiffiffiffiffiffiffiffi
δm2

p
) are depicted in the upper (lower) panel for fixed

values of sθ ¼ 0.1 and Cg ¼ 1. The mass of the lightest scalar
eigenstate is fixed to 125 GeV. On the gray shaded region on the
left, no solution for the Higgs mass condition is found. In the
upper panel, below the solid cyan curve, m2

Φ > 0. In the lower
panel, δm2 is always positive. Dashed lines indicate the value of
the composite-pion decay constant, f, in GeV.
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The LHC experiments constrain the couplings of the
lightest scalar eigenstate, the Higgs boson, to top quark and
EW gauge bosons. The combined ATLAS and CMS
analysis of the Run-1 data [34] limits the modifications
of the vector and fermion couplings in a two-parameter fit
of κf ¼ κt and κV to less than 20% at 1σ level. It is evident
that in this respect the model is viable in most of the
parameter space.

IV. THE CLASSICALLY SCALE-INVARIANT
LIMIT

Figures 1 and 2 show that it is possible to have m2
Φ ¼ 0, as

along the cyan line. In the limit where both m2
Φ ¼ δm2 ¼ 0,

the Lagrangian in Eq. (2) then becomes scale invariant at the
classical level. Even though the scale invariance is broken at

the quantum level, the classical scale invariance has been
invoked as a guiding principle for the EWSB sector. The
model here is distinct from models [31,35–38] relying on the
Coleman-Weinberg mechanism [31] to generate EWSB via
one-loop corrections to the elementary scalar potential from
the EW and SM-fermion sectors.

Here, EWSB is again induced and communicated to
the elementary scalars due to condensation of the
technifermions. This is similar to the scale-invariant
model of [39,40] where a singlet scalar is coupled both
via Yukawa interactions to new strongly interacting
fermions without SM charges and via quartic couplings
to the Higgs.

The corrections from the EW gauge-boson loops to the
techniquarks are again important, and we include these
contributions to the effective potential as in Eq. (19).

To obtain a nonzero mass for the pGB Higgs, we need
to add a source of explicit global symmetry breaking.
Contrary to the previous discussion, in the scale-invariant
framework we add a splitting between the singlet
and doublet quartic couplings instead of mass splitting.
This is achieved by adding to the effective potential
a term

Vδλ ¼ δλTr½Φ†
SΦS�2; ð28Þ

where ΦS ¼ PS
1S þ PS

2S�. Due to the different RG running
of the EW-singlet and -doublet parts, some splitting
of the quartics is anticipated, and we also note that the
RG running would further induce splitting of the form
Tr½H†H�Tr½Φ†

SΦS�. Here we remain agnostic about the
origin of the splitting and consider the minimal scenario
in Eq. (28).

FIG. 2. Contours of the absolute value of the mass parameterffiffiffiffiffiffiffiffiffiffi
jm2

Φj
p

(
ffiffiffiffiffiffiffiffi
δm2

p
) are depicted in the upper (lower) panel for fixed

values of sθ ¼ 0.3 and Cg ¼ 1. The mass of the lightest scalar
eigenstate h1 is fixed to 125 GeV. On the gray shaded region on
the left, no solution for the Higgs mass condition is found. In the
upper panel, below the solid cyan curve, m2

Φ > 0. In the lower
panel, δm2 is always positive. Dashed lines indicate the value of
the composite-pion decay constant, f, in GeV.

FIG. 3. The (absolute) value of the coeffcient jκtj is depicted for
fixed values of sθ ¼ 0.1 and Cg ¼ 1. The mass of the lightest
scalar eigenstate is fixed to 125 GeV. On the gray shaded region
on the left, no solution for the Higgs mass condition is found.
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Minimizing the potential then leads to

yQ ¼
~CgZ2fs2θ

16
ffiffiffi
2

p
πðvcθ þ vSsθÞ ;

λΦ ¼
~CgZ2

2f4s2θsθ

2vðv2 þ v2
SÞðvcθ þ vSsθÞ

;

δλ ¼ −
~CgZ2

2f
4s2θ

2vv3
S

: ð29Þ

Fixing again the mass of the lightest neutral scalar eigenstate
to 125 GeV, we show the values of the scalar quartics and the
Yukawa coupling fixing Cg ¼ 1 in the ðsθ; tβÞ plane in Fig. 4.
We disregard the gray areas where the quartic couplings are
larger than one, andwe again findviable parameter space for a
range of tβ and sθ values. For relatively small tβ, it is possible
to have δλ<λΦ <1. As in the previous case, the Yukawa
couplings must be small at the Oð10−2…10−1Þ level.

We leave a more detailed study of the phenomenology of
the model presented here to future work. We also note that
an additional source of SU(4) breaking is needed to lift the
mass of the remaining CP-odd GB. Minimally this can be
achieved by adding a term of the form δλSS2

RS2
I . Adding

such a term does not affect the previous results, and we
leave a detailed investigation of the heavy scalar spectrum
for future studies

V. CONCLUSIONS

In this paper we have proposed a model of a partially
composite Goldstone Higgs boson. The model combines
dynamical EWSB with SM-fermion mass generation via
ordinary Yukawa couplings to a scalar multiplet. The
model features a spontaneously broken SU(4) global
symmetry with the Higgs as a Goldstone boson in the
limit of no SM interactions. The Higgs state is mostly
elementary, and thus its couplings to both the SM-vector
and -fermion states are SM Higgs-like, while we find a
Higgs self-coupling that can be larger than that in the SM
and thereby help alleviate the vacuum stability con-
straints. This is in contrast to the fully elementary
realization, where the quartic coupling is expected to
be smaller than that in the SM [16], thereby providing
potential diagnostics to distinguish these different real-
izations in future collider experiments.

The SU(4) symmetry is broken by the EW interactions
and by adding explicit breaking terms to the scalar potential.
We find a viable solution with a SM-like Higgs state from
an SU(4)-breaking mass term which is small compared to
the compositeness scale 4πf. The SU(4)-preserving mass
parameter m2

Φ remains on the order of f2 but can be positive
as opposed to that in the SM, and the symmetry breaking
can be fully dynamical. We also find a viable solution in the
classically scale-invariant limit by setting m2

Φ ¼ 0 and add-
ing SU(4)-noninvariant quartic couplings to the scalar
potential. In this case the SU(4)-breaking quartic coupling
may be smaller than the SU(4)-preserving one.

In all cases, the additional SU(4) breaking (on top of the
SM gauge and Yukawa interactions) can be attained on the
scalar-potential level, while the new fermion sector remains
SU(4) symmetric.
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FIG. 4. Values of the SU(4)-invariant quartic coupling, λΦ
(upper panel), and the SU(4)-breaking one, δλ (lower panel), for a
fixed value Cg ¼ 1. The mass of the lightest scalar eigenstate, h1,
is fixed to 125 GeV. On the gray shaded regions, one of the
couplings becomes large (≳1).
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