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We present a simple mechanism for generating a Higgs quartic in composite Higgs models without
a corresponding quadratic term. The extra quartic will originate from a Higgs dependent kinetic
mixing between additional fermionic states. The mechanism can be naturally embedded to models
with maximal symmetry as well as Twin Higgs models. The resulting Twin Higgs models will have
a fully natural realistic Higgs potential, where the quartic mechanism will serve as the only source
for the Z2 breaking, while the top and gauge sectors can remain exactly Z2 invariant.

I. INTRODUCTION

The sensitivity of the Higgs potential to very large en-
ergy scales makes it unstable to quantum corrections.
Stabilization of the scale of electroweak symmetry break-
ing (EWSB) is one of the most profound problems in par-
ticle physics. One can eliminate this sensitivity to UV
scales by introducing new physics (such as supersymme-
try) not too far above the EWSB scale. Of such new
physics models, the pseudo-Nambu-Goldstone (pNGB)
Higgs [1–5] (for reviews see [6–9]) is one of the sim-
plest and most widely studied. In such models the Higgs
potential originates from the interactions that explicitly
break a shift symmetry that would otherwise forbid the
generation of a Higgs potential. The mechanisms that
ensure that the resulting Higgs potential remains free of
UV divergences include collective symmetry breaking [4],
discrete symmetry [10, 11] or maximal symmetry [12, 13].

The main difficulty of such pNGB Higgs models is that
the Higgs quadratic and quartic terms are generically
strongly correlated making it very difficult to separate
the scale of new physics from the scale of EWSB, which
conflicts with precision measurement and direct detec-
tion. Since the quadratic and quartic terms are gen-
erated by the same dynamics, it is usually hard to en-
hance the quartic without also increasing the quadratic
term. Hence usually a tuning of order a few percent level
is needed to produce the little hierarchy of the EWSB
and the new physics scales. Models that produce an ad-
justable Higgs quartic term without introducing a Higgs
quadratic provide an elegant solution to the little hierar-
chy problem. An example of this type are 6D models [14]
where a tree-level quartic can originate from the gauge
boson components along the extra dimension, or the little
Higgs models [4, 15] based on dimensional deconstruction
of the 6D theory. However these models are usually quite
complicated and also require additional pNGBs, such as
the second Higgs doublet (ie. the generated quartic is
that of a two-Higgs doublet model and not a true SM-
like Higgs quartic).

In this work we propose a novel mechanism to produce

an adjustable Higgs quartic self-coupling from loop cor-
rections without a corresponding Higgs quadratic term.
We introduce an electroweak (EW) triplet and singlet
fermion and observe that if their kinetic terms are inde-
pendent of the Higgs field, we will only produce a Higgs
quartic term in the 1-loop effective potential but no Higgs
quadratic term. The simple underlying reason is that a
triplet-singlet mixing neccessarily involves at least two
Higgs insertions. Moreover, the sign of the generated
quartic will be positive if the Yukawa term mixing the
triplet and the singlet is momentum dependent (while
momentum independent mixing term always give a nega-
tive contribution). The recently proposed maximal sym-
metry [12, 13] has exactly the right properties for this
mechanism: it’s main effect is exactly to protect the ef-
fective kinetic terms from Higgs dependent corrections.
Thus models with maximal symmetry can naturally pro-
duce a positive and adjustable Higgs quartic term. Our
mechanism can be simply implemented in any pNGB
Higgs model based on deconstruction or warped extra
dimensions scenario without having to introduce any ad-
ditional structures. We show that the tuning in these
models is greatly reduced, for example the minimal im-
plementation of maximal symmetry will have about 5%
tuning. In twin Higgs models the additional quartic will
allow the top and gauge sectors to remain exactly Z2

invariant, leading to models with no tuning whatsoever.
The structure of this paper is organized as follows. In

Sec. II we explain our mechanism of generating a Higgs
quartic term. In Sec. III we show how the requisite Higgs-
dependent kinetic mixing can be obtained from integrat-
ing out heavy fields. In Sec. IV we present a concrete
realization of this mechanism in the SO(5)/SO(4) pNGB
Higgs model based on the two site moose with minimal
maximal symmetry[13]. In Sec. V we apply our mecha-
nism to the SO(8)/SO(7) Twin Higgs model which will
allow the top and gauge sectors to remain exactly Z2 sym-
metric. In Sec. VI we discuss EWSB and the fine tuning
needed in the two example models and show some numer-
ical results. We find that the colored top partners can be
heavy enough to evade LHC direct detection with mod-
est tuning in the first model, while fully natural EWSB
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without any tuning can be achieved in the Twin Higgs
model. We conclude in Sec. VII. The appendices contain
the detailed expressions of the form factors in the effec-
tive Lagrangian, the descriptions of the top and gauge
sectors of model with maximal symmetry, as well as the
details of the Twin Higgs model.

II. GENERATION OF THE HIGGS QUARTIC

In this section we illuminate the essence of our sim-
ple mechanism for producing an adjustable Higgs quartic
coupling based on pNGB Higgs model. We introduce the
electroweak (EW) triplet ∆ and singlet η Dirac fermions,
both of which are assumed to be elementary. For simplic-
ity first we assume that they are massless (but in the full
model all allowed mass and Yukawa terms will be added).
If the triplet and singlet mix through a Yukawa coupling
involving the SM Higgs in the low energy effective theory,
in momentum space the leading order Lagrangian will be
given by

L = Tr[∆̄/p∆] + η̄/pη −
(λ
f
H†∆̄Hη + h.c.

)
, (1)

where f will be the pNGB Higgs decay constant and H
is the Higgs doublet. The quantum numbers of the two
Dirac fermions under SU(2)L × U(1)Y are

∆ ≡ 1√
2

(
∆0

√
2∆+

√
2∆− −∆0

)
∈ 30, η ∈ 10. (2)

Note that the choice of triplet and singlet representations
under SU(2)L is essential: since ∆ carries two SU(2)
indices and η does not carry any, their Yukawa coupling
has to contain at least two Higgs doublets. Thus if this
mixing terms is the only Higgs dependent term in the
effective Lagrangian (1) while the kinetic terms are Higgs
independent, then one can only get a contribution to the
Higgs quartic term without obtaining a shift in the Higgs
mass term.

Treating the Higgs as a background field, we can obtain
the leading one loop correction to the Higgs potential
from the loop of the triplet and singlet fermions:

V (H) ∼ i

2

∫
d4p

(2π)4

λ2(H†H)2

f2
Tr[

i/p

p2

i/p

p2
]

= −λ
2(H†H)2

f2

∫
d4pE
(2π)4

2

p2
E

, (3)

where in the second line we performed a Wick rotation
to Euclidean space p2 → −p2

E , where p2
E = p2

0 + (~p)2

is positive definite. Thus we find that the Yukawa cou-
pling of triplet and singlet fermions always produces a
negative correction to the Higgs quartic coupling, unlike
what one needs for successful EWSB. From this detailed
examination of the correction it is however clear how this
problem can be solved: we expect that if one uses a Higgs
dependent kinetic mixing rather than a Yukawa mixing

the sign could be reversed, since we will pick up an ex-
tra p2 term in the Feynman diagram, which after Wick
rotation will provide an additional sign flip.

The Lagrangian describing the kinetic mixing of the
triplet and singlet fermions can be parametrized as

L = Tr[∆̄/p∆] + η̄/pη −
( λ
f2
H†∆̄H/pη + h.c.

)
, (4)

where we can see that the Yukawa coupling now contains
the extra momentum factor. The leading one loop cor-
rection to the Higgs potential can be explicitly expressed
for this case as

V (H) ∼ i

2

∫
d4p

(2π)4

λ2(H†H)2

f4
Tr[

i(/p)

p2 /p
i(/p)

p2 /p]

=
2λ2(H†H)2

f4

∫
d4pE
(2π)4

. (5)

As expected an extra p2 factor shows up with compared
to the previous case, which will flip the sign of the con-
tribution to the Higgs quartic after the Wick rotation
to Euclidean space is performed. Thus we find that for
the case of kinetic mixing the induced Higgs quartic is
always positive. We emphasize again that we have made
the crucial assumption that the effective kinetic terms of
the triplet and singlet fermions are Higgs independent.
Otherwise corrections to the Higgs mass term will also
be produced, and the quadratic and quartic terms would
remain linked. Note that for the case of scalar triplet
and singlet both the Yukawa and kinetic mixings will al-
ways produce a negative shift in the Higgs quartic. For
the case of mass mixing of scalars the propagators in the
loop will contribute a factor of i2/p4 which will result in
the same sign as the case of mass mixing with fermions
after the Wick rotation is performed. For the case of
scalar kinetic mixing we gain a factor of p4 (rather than
the p2 for the case of kinetic fermionic mixing) thus the
sign will not be flipped in this case. Hence we can see
that only the case of kinetic fermionic mixing will pro-
duce the desired positive shift in the Higgs quartic self
coupling.

To summarize we found two necessary conditions for
producing an adjustable and positive Higgs quartic in the
triplet-singlet model:

• The effective kinetic terms must be Higgs indepen-
dent;

• The triplet-singlet mixing must be momentum de-
pendent.

The first condition is exactly the main consequence of
models with maximal symmetry, which we will take ad-
vantage of. In the next section we will briefly explain
how the desired Higgs dependent kinetic mixing can be
obtained.
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III. GENERATION OF THE EFFECTIVE
KINETIC MIXING

So far we have established that a positive shift in the
Higgs quartic can be obtained from a theory with a ki-
netic mixing between the triplet and singlet fermions.
Before we present our full model we would like to first
demonstrate how such a mixing can be easily generated
in the effective theory. The key is to consider a chiral mix-
ing between the fermions ∆, η and some heavy fermion
ψ. Such linear couplings between elementary (∆, η) and
composite (ψ) fields show up naturally in models of par-
tial compositeness in composite Higgs models. For a sim-
ple illustration we introduce an SU(2)L doublet fermion
Ψ2 with the most general chiral mixing with the ∆, η:

Lint = λ1LΨ̄2R∆LH+λ2LΨ̄2RHηL+(L↔ R)+h.c. (6)

After integrating out the heavy fermion we find the fol-
lowing effective mixing terms in the low-energy effective
Lagrangian:

Lmix
eff =

1

M2 − p2

(
λ1Lλ2LH

†∆̄LH/pηL

+Mλ1Lλ2RH
†∆̄LHηR

)
+ (L↔ R) + h.c., (7)

whereM is the mass of the heavy field. We can see that in
the general case we get both the kinetic and Yukawa mix-
ings in the effective Lagrangian (leading to both positive
and negative contributions to the Higgs quartic). How-
ever one can easily turn off either the mass or the kinetic
mixing by dialing the various λL,R couplings. For exam-
ple, if we turn off the right handed or the left handed
couplings (e.g. λ1,2R = 0 or λ1,2L = 0), we will only
get the kinetic mixing term, while if we turn off one left
handed and one right handed coupling (e.g. λ1R = 0 and
λ2L = 0), we will only get the Yukawa mixing term.

The simple lesson from this toy example is that a
purely chiral mixing with the heavy fermion will pro-
duce the desired kinetic mixing in the effective theory.
Below we will put all the various ingredients discussed
above together to produce a realistic model realizing the
mechanism for an enhanced quartic.

IV. IMPLEMENTATION IN THE SIMPLEST
TWO SITE MODEL

So far we have explained what the essential ingredients
needed for generating the positive shift in the quartic cou-
pling are. In this section we will show how to actually
obtain a complete realistic model of this sort by embed-
ding it into a simple 2-site composite Higgs model. For
this we will use the simplest implementation of maximal
symmetry recently proposed in [13]. As explained above
we need to use maximal symmetry in order to ensure
that the kinetic terms of the fermions do not themselves
depend on the Higgs field (preventing the generation of

SO(5)1
U1

SO(5)2/SO(4)

Aµ, Bµ gρ, ρµ

FIG. 1: Gauge sector of the two-site model

a shift in the mass term). First we review the construc-
tion of the minimal model with maximal symmetry and
then add the additional fields needed to implement the
mechanism involving the Higgs dependent triplet singlet
kinetic mixing.

The minimal model with maximal symmetry is using
two sites which realized the SO(5)/SO(4) coset space.
It can easily be generalized to N sites or a full continu-
ous extra dimension but in this paper we will only focus
on the simplest two site version. Both sites will have an
SO(5) global symmetry thus the full global symmetry is
SO(5)1 × SO(5)2. A link field U1 in the bi-fundamental
representation of the global symmetry connects these two
sites and breaks the global symmetry to the diagonal
subgroup SO(5)V . The SU(2)L × U(1)Y subgroup of
SO(5)1 at the first site is gauged and identified with the
usual EW symmetry, while at the second site the en-
tire SO(5)2 is gauged, as shown in Fig. 1. This gauged
SO(5)2 is critical for the appearance of maximal sym-
metry. To realize the SO(5)/SO(4) coset, the gauge
symmetry at the last site should be broken to SO(4)
via a scalar in the 5-dimensional vector representation
of SO(5)2 with VEV V = (0, 0, 0, 0, 1). The linearly re-
alized pNGB field H′ corresponding to this symmetry
breaking can be parametrized as H′ = U ′V, where U ′ is
the non-linear sigma field of the coset space correpond-
ing to the breaking on the second site SO(5)2/SO(4).
Some of the pNGB’s will be eaten by the gauge bosons
that become massive. In the end we are left with a single
set of pNGBs corresponding to the SO(5)/SO(4) coset.
These uneaten pNGBs can be described by the linear
sigma field H = UV in the fundamental representation
of SO(5)1 with U = U1U

′. Under unitary gauge, only
the physical Higgs h remains, and the field H can be
parametrized as

H = (0, 0, 0, sh, ch), (8)

with sh ≡ sin
(
h/f

)
and ch ≡ cos

(
h/f

)
.

Once we have the setup for the coset space we intro-
duce the fermions in a way that corresponds to the min-
imal implementation of maximal symmetry. For this the
triplet ∆ should live on the first site and the singlet η
on the second site. On the second site, we also introduce
a Dirac fermion Ψ14 in 14 (traceless symmetric) repre-
sentation of the gauge symmetry SO(5)2 as the heavy
composite modes, with which the ∆, η fermions will mix.
In order to interact with Ψ14, the ∆ should also be em-
bedded in the 14 representation of the SO(5)1 global
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∆L

U1

Ψ14L

Ψ14R
ηR

M14 ,MηM∆

∆R

ηL

U ′

FIG. 2: The triplet/singlet sector in two sites model.

symmetry:

Ψ∆ =
1

2
√

2

 −√2∆012 ∆+− 0

(∆+−)T
√

2∆012 0
0 0 0

 , (9)

where

∆+− =

(
−∆+ −∆− i(∆− −∆+)
i(∆− −∆+) ∆+ + ∆−

)
. (10)

The setup for this 2-site model is illustrated in Fig .2.
The most general Lagrangian for the fermion fields in-
variant under the global SO(5)1 × SO(5)2 is given by

L∆η = Tr[∆̄(i /D −M∆)∆] + η̄(i /D −Mη)η

+Tr[Ψ̄14(i /D −M14)Ψ14]−
(
λ∆L

Tr[Ψ̄∆L
U1Ψ14RU

T
1 ]

+ληRH′†Ψ̄14LH′ηR + λ∆R
Tr[Ψ̄∆R

U1Ψ14LU
T
1 ]

+ληLH′†Ψ̄14RH′ηL + h.c.
)
. (11)

The composite sector has an emlarged SO(5)2L ×
SO(5)2R global symmetry is broken by the fermion
mass term and leaving behind the maximal symmetry
SO(5)2V . This maximal symmetry always allow some
phase redefinitions on Ψ14 to shift the pNGB fields.
It actually preserves a shift symmetry in the triplet
sector(Ψ14 → UT1 Ψ14U1) and separately in the singlet
sector(Ψ14 → U ′Ψ14U

′T ). These shift symmetries are
collectively broken by the triplet and singlet sector. Af-
ter integrating out the Ψ14, the only Higgs dependent
term in the effective Lagrangian will be the triplet and
singlet mixing term. Thus the Higgs potential must be
proportional to ∼ (λ∆λη)2 and is only logarithmically
divergent according to power counting.

Upon integrating out the massive Ψ14, the effective
Lagrangian for ∆ and η invariant under the global sym-

metry SO(5)1 in momentum space is parametrized as

Leff = Π0
∆L

Tr[Ψ̄∆L/pΨ∆L
] + Π0

∆R
Tr[Ψ̄∆R/pΨ∆R

]

+ Π0
ηL η̄L/pηL + Π0

ηR η̄R/pηR

−
(
M∆

0 Tr[Ψ̄∆L
Ψ∆R

] +Mη
0 η̄LηR + h.c.

)
+
(

Π1
LH†Ψ̄∆L

H/pηL + Π1
RH†Ψ̄∆R

H/pηR

+M∆η
1 H†Ψ̄∆L

HηR +M∆η
2 H†Ψ̄∆R

HηL + h.c.
)
,

(12)

where the full expressions of form factors are presented in
Appendix A. We can see that only the mixing terms be-
tween triplet and singlet depend on the Higgs due to max-
imal symmetry. If we express this effective Lagrangian in
terms of the Higgs field, we find that all mixing terms are
proportional to s2

h. Further integrating out the triplet ∆
we obtain the effective Lagrangian for the singlet:

Lηeff = (Π0
ηL + Π1

ηLs
4
h)η̄L/pηL + (Π0

ηR + Π1
ηRs

4
h)η̄R/pηR

− (Mη
0 +Mη

1 s
4
h)(η̄LηR + h.c.), (13)

where the expressions of Π1
ηL , Π1

ηR and Mη
1 are also pre-

sented in Appendix A. The final Higgs potential from the
above Lagrangian is

Vf = −2

∫
d4pE
(2π)4

log
[
p2
E(Π0

ηL + Π1
ηLs

4
h)(Π0

ηR + Π1
ηRs

4
h)

+ (Mη
0 +Mη

1 s
4
h)2
]
. (14)

For sh � 1, we can expand the above Higgs potential
and the leading term is

Vf ≈ β∆s
4
h, (15)

with

β∆ =
−2

(4π)2

∫ Λ2

0

dp2
E

p2
E

(Mη
0 )2 + p2

EΠ0
ηLΠ0

ηR

×(
2Mη

0M
η
1 + p2

E(Π0
ηLΠ1

ηR + Π0
ηRΠ1

ηL)
)
, (16)

where Λ ≈ 4πf is strong dynamics confine scale.
Note that in the most general case, in addition to the

kinetic mixing terms giving rise to a positive shift in the
quartic we also obtain momentum independent left-right
mixing terms in the effective Lagrangian (12). These
will generate a negative contribution to the Higgs quar-
tic coupling as we discussed in Sec.II. In total there are
four independent triplet-singlet mixing terms in the effec-
tive Lagrangian and any two of them can be contracted
in a loop to give contributions to the Higgs quartic cou-
pling. The sum of these contributions can be both posi-
tive and negative: the sign depends on the actual choices
of the parameters in the model. We uniformly scanned
the whole parameter space and found that the region cor-
responding to a positive β∆ is large, which implies that
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in this model we can naturally obtain a positive shift
Higgs for the quartic coupling. Details of this scan along
the discussion of the remaining fine tuning will be pre-
sented in Sec.VI, where we will show that β∆ can be big
enough to produce the observed Higgs mass with a small
amount of tuning. The additional contributions to the
Higgs potential from the top and gauge sectors are iden-
tical to those in models with minimal implementation of
maximal symmetry, and are reviewed in App. B and C.

V. TWIN HIGGS

Our mechanism of inducing a positive quartic is par-
ticularly interesting in the context of Twin Higgs Mod-
els [10, 16–20]. Twin Higgs models (THM) solve the
hierarchy problem by introducing a Z2 parity sh ↔ ch
between the top and the twin top, where the twin top
is SU(3)c color neutral. As a consequence of this Z2

parity (which has been called Trigonometric Parity (TP)
in[11] and originates from the geometry of symmetric
coset spaces) the color neutral twin top will cancel the
quadratic divergences of the ordinary top, thereby re-
alizing neutral naturalness. As a consequence ordinary
(colored) top partners are expected to be very heavy and
can easily evade bounds from direct searches. In order
to achieve realistic EWSB, the Z2 parity in Higgs poten-
tial must be broken (otherwise the Higgs VEV will be
at s2

h ≈ 0.5). The usual approach to breaking this Z2

is introducing an additional Higgs quadratic term, such
as a Z2-breaking gauge contribution[11], which partially
cancels the quadratic term from the Z2 preserving sector
to ensure a small sh. This cancellation is also the origin
of the main tuning in THMs.

In this section we propose a novel way to break the Z2

parity and achieve realistic EWSB in THMs, which will
completely eliminate any leftover tuning in these mod-
els. We introduce our mechanism of generating a Higgs
quartic coupling into the THMs and use this extra Higgs
quartic term (rather than a usual quadratic term) for the
source of the Z2 breaking which will not introduce any
tuning.

The minimal coset space that preserves the TP in the
gauge sector is SO(8)/SO(7). The EW gauge symme-
try SU(2)L × U(1)Y and the twin EW gauge symmetry
SU(2)′L×U(1)′Y are separately embedded in the SO(4)1

and SO(4)2 subgroups which act on the first four and
last four indices of SO(8) respectively. The 2-site im-
plementation of this SO(8)/SO(7) twin Higgs is similar
to the SO(5)/SO(4) case shown in Appendix.B. The di-
vergences from the one loop EW gauge contributions to
the Higgs potential are cancelled by their twin partners
due to the Z2 symmetry, and the leading order Higgs
potential will be O(g4) and of the form

Vg(h) ≈ −βg(s4
h + c4h), (17)

where βg can be parameterized as

βg = cg
g4f4

(4π)2
log

m2
ρ

m2
W

, (18)

with cg a numerical constant.
In order to preserve the Z2 TP in the fermion sec-

tor, color neutral twin tops q̃L, t̃R are introduced which
transform under twin color SU(3)′c. More details of the
construction of SO(8)/SO(7) THM are shown in Ap-
pendix.D. The leading contribution to the Higgs poten-
tial from the top-twin top sector will be at O(y4

t ),

Vt(h) ≈ βf (s4
h + c4h), (19)

with

βf = cf
Ncy

4
t f

4

(4π)2
log

M2
f

m2
t

. (20)

The quadratic divergences will be canceled by the twin
partners both in the gauge and the fermion sectors hence
βg,f will only be logarithmically sensitive to the mass of
the vector mesons and colored top partners. Hence the
Higgs can be light even for heavy colored top partners
with only a mild logarithmic tuning. However to achieve
a realistic EWSB minimum away from the Z2 symmetric
point sh = ch = 1√

2
one needs to explicitly break the

Z2 symmetry, which is usually done by introducing an
explicit breaking in the gauge sector, leading to gauge
contributions O(g2), Vg ∼ f2g2m2

ρ. This is much big-
ger than the Z2 preserving term and also sensitive to the
gauge partner mass of mρ. Usually this is also the lead-
ing source of the tuning in TH models. Our mechanism
of generating the additional quartic will be able to sig-
nificantly reduce this tuning. In our approach we leave
the gauge sector Z2 invariant and the only source of Z2

breaking will be in the fermion sector responsible for the
generation of the quartic. As before, the SU(2)L triplet
∆ will be embedded in the traceless symmetric repre-
sentation, which in the case of SO(8) is a 35. Just like
before the ∆ will be added at the first SO(8) site while
the singlet η at the second site. The explicit embedding
of ∆ in 35 is

Ψ∆ =
1

2
√

2

 −√2∆012 ∆+− 0

(∆+−)T
√

2∆012 0
0 0 04×4

 . (21)

It is the fact that we only introduce a single ∆ triple (and
no twin ∆ that could be in the lower right 4 by 4 corner of
the above matrix) that is the source of Z2 breaking, which
will eventually lead to a shift in the quartic s4

h term (but
no analogous c4h term). To complete the construction we
should also introduce a Dirac fermion Ψ35 in the 35 rep-
resentation of SO(8)2 which will mix with ∆ and η as
explained in the previous sections. The rest of the con-
struction is completely analogous to the SO(5)/SO(4)
case. After integrating out all the fermions we will get
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an adjustable Higgs quartic term and the form of the
Higgs potential is

V (h) = (βf − βg)(s4
h + c4h) + β∆s

4
h. (22)

Clearly the extra quartic term β∆ breaks the Z2 symme-
try of the Higgs potential, and will give rise to a lrealis-
tic minimum with no tuning at all as we will explicitly
demonstrate in Sec. VI.

VI. HIGGS POTENTIAL AND FINE TUNING

In this section, we will discuss the properties of the
Higgs potential in the two models with extra Higgs quar-
tic terms presented above. We show that the fine tuning
needed to obtain realistic EWSB is very significantly re-
duced due to our mechanism for generating the Higgs
quartic.

A. Model with minimal maximal symmetry

In composite Higgs models the Higgs potential can be
parametrized as

V (h) = −γs2
h + βs4

h, (23)

where it is assumed that for realistic EWSB VEV sh � 1
hence higher powers of sh are neglected. The coefficients
γ = γf − γg, β = βf + β∆ include the fermion (f) and
gauge (g) sector contributions, and we already added the
extra quartic contribution from our mechanism β∆. The
overall β has to be positive for a realistic model so the
pNGB Higgs will acquire a VEV if γ > 0 with a minimum
at

s2
h =

γ

2β
≡ ξ, (24)

where ξ is a parameter measuring the separation between
f and EWSB scale v. The Higgs mass in this vacuum is

m2
h =

8βξ(1− ξ)
f2

. (25)

Using v2/f2 ∼ ξ, we see that the Higgs mass depends
only on β/f4. The value of β reproducing mh = 125
GeV is

β

f4
≈ 0.036 . (26)

We can now calculate the tuning in the model with
minimal maximal symmetry and consider the effect of
the additional quartic. The expressions of γf , βf in this
model are (see Eq. (C8) )

γf '
2Ncy

2
tM

2
f f

2

(4π)2
, βf '

Ncy
4
t f

4

(4π)2
ln
M2
f

m2
t

, (27)
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FIG. 3: Contour plot for the Higgs quartic coupling β∆/f
4 as

a function of the right-handed couplings λ∆R/f and ληR/f
with the masses of the triplet, the singlet and the Ψ14 mul-
tiplets fixed at 4 TeV, M∆ = Mη = M14 = 4 TeV, and the
left-handed couplings fixed at λ∆L = 2f , ληL = 2f .

where Mf is a typical top partner mass. Without the
additional contribution β∆ to the quartic the model needs
to have extremely heavy top partners because βf has only
a logarithmic dependence on Mf . If we fix ξ to 0.1 and
mt ∈ [140, 170] GeV, a rough bound on Mf is about
Mf & 11 TeV to obtain a sufficiently heavy Higgs. Since
γf is much bigger than βf , γf must first be tuned to be
of order βf and then further tuned to ξβ which results
in double tuning that can be quantified as

∆ =

∣∣∣∣ ∂ ln ξ

∂ lnMf

∣∣∣∣ ≈ γf
ξβf

=
1

ξ

2M2
f

f2y2
t ln

M2
f

m2
t

. (28)

The strong bound on Mf eventually results in a large
tuning about ∆ & 95/ξ, numerically about 0.1 percent
or worse.

The addition of the extra quartic however improves the
situation greatly, to the point that this model will need
the smallest amount of tuning of composite Higgs models
with heavy top partners. Before quantifying the tuning
we first illustrate that our mechanism can indeed produce
a sufficiently large positive Higgs quartic coupling. To
demonstrate that we can easily achieve the value β from
(26) we show a contour plot of β∆/f

4 in part of the right-
handed coupling parameter space in Fig.3, where we fixed
the bare masses of Ψ∆, Ψη and Ψ14 at 4 TeV and also
fixed the left-handed coupling to an appropriate value,
(λ∆L

, ληL) = (2f, 2f). We see that for a sizeable fraction
of the parameter space β∆ is sufficiently large to produce
the observed Higgs mass.

With the addition of this adjustable Higgs quartic cou-
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FIG. 4: Scatter plot of the tuning ∆ in the model with the
extra quartic and minimal maximal symmetry as function of
the top partner mass (Blue) and gauge boson mass (Red) for
ξ = 0.1. The Higgs mass is fixed at 125 GeV and the top mass
range is mt ∈ [140, 170] GeV. We require that the lightest top
partner mass M > 2 TeV and gauge boson mass mρ > 2.5
TeV.

pling, the tuning becomes

∆′ ≈ γf
ξ(βf + β∆)

= ∆
M ′2f
M2
f

, (29)

where we use M ′f (Mf ) to denote the typical top partner

mass for achieving right Higgs mass after (before) β∆ is

added and their relation is Mf = M ′f (M ′f/mt)
β∆
βf . No-

tice that β is actually fixed by the Higgs mass so the
enhancement of β∆ will reduce βf which will result in a
great reduction of the top partner mass. Hence the origi-
nal double tuning will be strongly suppressed by M ′f/Mf .
In terms of the physical parameters the tuning will be

∆′ =
1

ξ

Nc(1− ξ)m2
t g
′2
f

π2m2
h

, (30)

where g′f ≡ M ′f/f . If we require M ′f to be at least 2

TeV, the tuning will be ∆′ & 2.3/ξ, which for ξ = 0.1
corresponds to a roughly 5% tuning. This rough estimate
can be verified by the numerical scan in Fig.4, where
we show the tuning as function of the top partner and
gauge partner masses for ξ = 0.1 with Higgs mass fixed
mh = 125 GeV and mt ∈ [140, 170] GeV.

As a comparison we present the estimate for tuning in
the more standard holographic composite Higgs models
or their deconstructed versions. Generically these mod-
els have a double tuning because γf appears at order
O(yt) and βf at order O(y2

t ). In addition these models
also require a non-generic top partners spectrum in which
some of the top partners are anomalously light with mass
Mp below the typical top partner mass scale Mf . Such
states are needed to ensure that the Higgs is sufficiently
light [21]. In fact the typical value of the lightest top
partner mass is generically below 1 TeV, with an upper
bound of around 1.5 TeV for ξ fixed at 0.1 in these mod-
els [21, 22]. For example in [22] a single light top partner

of 600 GeV was assumed in a three-site model. Top part-
ners this light are excluded, since the most recent bounds
on generic top partners is of order 1.5 TeV. The only way
to make these models viable is by lowering the value of
ξ and thereby raising the mass scale of all partners, at
the price of increasing the tuning. The tuning in the
5d holographic models is [21] (assuming the sub-TeV top
partners)

∆5+5
ξ =

1

ξ

√
Nc
2π2

g2
fv

mh
, (31)

where gf = Mf/f . The additional tuning due to the
lowering of ξ is

∆5+5
ξ′ = ∆5+5

ξ

M ′2p
M2
p

, (32)

where Mp is the mass scale of the lightest sub-TeV
top partner in the original model which is enhanced to
M ′p after ξ is lowered. Numerically we find ∆5+5

ξ′ ≈
2∆′M ′2p /M

2
p where ∆′ is the tuning in our model with

minimal maximal symmetry and the additional quartic
(see Eq.30 and take gf ≈ g′f ). If we set M ′p to 2 TeV and

choose Mp to 1 TeV for ξ = 0.1, we find ∆5+5
ξ′ ≈ 8∆′.

Hence our model has at least about 8 times less tun-
ing than the holographic/deconstructed composite Higgs
models with comparable parameters. Note that increase
of the experimental bound on M ′p will increase the ratio
between the tuning in holographic CHM’s vs. our model
presented here.

Finally we discuss the tuning for the case of ordinary
maximal symmetry [12]. For this model both γf and βf
are at the order O(y2

t ) and approximately equal, γf ≈
βf . Hence this model doesn’t have double tuning and its
tuning is minimal about 1/ξ,

∆ξ '
γf
ξβf

=
1

ξ
. (33)

Note however that since βf is O(y2
t ), the Higgs mass is

sensitive to the top partner masses. Hence a light top
partner is required in order to get a light Higgs. The
typical value of the lightest top partner mass is below
1 TeV for ξ fixed to 0.1, which is already excluded by
the most recent LHC searches. To raise the top part-
ner mass one has no choice but to reduce ξ to ξ′ with
ξ′/ξ = M2

p/M
′2
p as in the previous case. Hence, similar

to Eq. (32), the final tuning in the ordinary maximally
symmetric model will be

∆ξ′ '
1

ξ′
= ∆ξ

M ′2p
M2
p

. (34)

If we add our Higgs quartic mechanism to this model,
the tuning will be reduced to

∆ξ '
1

ξ

γf
βf + β∆

=
1

ξ

M2
F

M2
p

, (35)
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where MF is the lightest top partner mass after β∆ is
added. Note that MF is smaller than Mp because the
addition of β∆ will always reduce the top partner masses.
Hence we will now reduce the ξ of the model even further,
by a factor of M2

F /M
2
p′ . The final resulting tuning will

be again

∆′ ' 1

ξ

M2
p′

M2
p

(36)

as for the ordinary maximally symmetric model with the
difference that the model with the additional quartic has
a smaller ξ (for the same top partner spectrum). Hence it
corresponds to weaker couplings and smaller corrections
to the Higgs branching ratios. The reason why the quar-
tic generation mechanism is not very effective for the case
of ordinary maximal symmetry is that this model doesn’t
have heavy top partners. Generically the Higgs quar-
tic mechanism can be used in any pNGB Higgs model
with maximal symmetry to reduce the tuning. But the
amount of reduction in the tuning depends on how heavy
the top partners are: The models with the heaviest top
partners will enjoy the biggest gains in the tuning due to
the addition of β∆.

B. Twin Higgs model

Our mechanism for generating a Higgs quartic has very
beneficial effects in THM’s. Before we explicitly estimate
the effects on the tuning we would like to emphasize that
the effect of the quartic on THM’s is different from the
cases considered before. THM’s have a Z2 symmetry
which will soften the Higgs potential by eliminating the
leading order contributions, which will also greatly re-
duce the tuning. However for achiving realistic EWSB
the Z2 has to be broken either in the gauge or the top
sector, which will reintroduce the sensitivity to the part-
ner masses and some of the tuning into the model. The
beauty of our mechanism of generating the quartic is that
this could also be the source of Z2 breaking, allowing
the top and gauge sectors to remain exactly Z2 invari-
ant and without introducing any tuning. In essence the
Higgs quartic mechanism will ensure that the Z2 symme-
try of the gauge and top sectors has the maximal effect
on softening the Higgs potential.

To examine the effect on the tuning in detail we assume
that the origin of the Z2 breaking is from our mechanism
of generating the extra quartic. Then the Higgs potential
can be parametrized as

γ = 2(βf − βg), β = 2(βf − βg) + β∆. (37)

In this case, the Higgs VEV will be at

ξ =
1

2(1 + x)
, x =

β∆

2(βf − βg)
. (38)

For a TH without Z2 breaking the Higgs VEV would
be at ξ = 0.5. The main effect of the Z2 symmetry is to

soften the Higgs potential by eliminating the leading or-
der contributions (and hence the main dependence on the
top/gauge partner masses). Once the Z2 is broken to al-
low for realistic EWSB, the dependence on the top/gauge
partner will be reintroduced, enhancing γf (or γg). To
obtain a small ξ we will then need some cancellation be-
tween γf and γg leading to the main source of tuning in
this model.

This is in sharp contrast to the situation in our new
model where the Z2 parity is broken by the additional
Higgs quartic term, which also results in the enhance-
ment of β. In this model a small ξ can be achieved with-
out breaking the Z2 in the top and gauge sectors. Both
γf and γg are vanishing at the leading order due to the
exact Z2 symmetry in the top and gauge sectors. Hence
both γf and γg remain small and insensitive to the part-
ner masses, unlike in ordinary twin Higgs models where
the Z2 breaking raises γf,g back the leading order. For
example, with Z2 breaking in the gauge sector in the
SO(6)/SO(5) TH model of [11] γg can be estimated as

γTHg '
3f2(3g2 + g′2 − 2g2

1)m2
ρ ln 2

64π2
, (39)

where g1 is a gauge coupling of an additional U(1)η. In
our model with the additional quartic we find using (B6)

γ′g = 2βg '
9f4g4

512π2
ln

m2
ρ

m2
W

. (40)

We can see that this model is in fact not tuned at all,
but provides an example of a viable fully natural elec-
troweak symmetry breaking. There could potentially be
two sources of tuning - in obtaining the desired values
of β∆ and γ. Evaluating the tuning for the quartic we
obtain with λ∆ ≡ β∆/f

4

∆λ =
β∆

β
= 1− 2ξ. (41)

Numerically we find ∆λ ' 0.7 for ξ = 0.15 and with the
lightest top partner mass above 2 TeV. Hence there is no
tuning at all. The other potential source of tuning would
be from the dependence of γ on the resonance masses, but
as we see in (40) that there is only a mild logarithmic
dependence on m2

ρ hence this will not be tuned either,
yielding a fully natural Higgs potential.

We would like to compare this situation numerically
with the tuning in ordinary TH. The main tuning in or-
dinary TH comes from the sensitivity to mρ and is a
constant when the mass of ρ meson is light (lower than
3 TeV),

∆TH =
1− 2ξ

ξ
. (42)

So the tuning in ordinary TH is about 7 times bigger than
in our model for ξ = 0.15, numerically ∆TH ∼ 5. More-
over, things will become slightly worse in ordinary TH
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FIG. 5: Scatter plot of the tuning in THMs for ξ = 0.15
with the Higgs mass fixed at 125 GeV and the top mass
range is mt ∈ [140, 170] GeV. The left panel shows the tun-
ing from different parameters M(blue), εR(red), mρ(green)
and β∆(magenta) as a function of the Higgs mass. The right
panel is the tuning ∆ as function of top partner mass (Blue)
and gauge boson mass (Red). We restrict the top partner
mass M > 2 TeV and gauge boson mass mρ > 2.5 TeV.

when mρ increases because the cancellation between con-
tributions of the gauge sector and the twin gauge sector
will become significant, which result in a notable increase
in the tuning which will grow linearly with m2

ρ. In Fig. 5,
we show the tuning as a function of the partner masses
for ξ = 0.15 with the Higgs mass fixed to mh = 125 GeV
and mt ∈ [140, 170] GeV.

VII. CONCLUSIONS

An adjustable Higgs quartic self-coupling can play an
important role in producing a natural Higgs potential
and solving the little hierarchy problem. In this work we
proposed a novel mechanism for producing such an ad-
justable Higgs quartic term. It is based on the observa-
tion that a kinetic mixing between EW singlet and triplet
fermions can result in a positive contribution to the Higgs
quartic. This mechanism is very simple and can be im-
plemented in any composite pNGB Higgs model. We pre-
sented an explicit realization in a two site MCHM with
the minimal implementation of maximal symmetry as
well as in a simple Twin Higgs model. In the first model,
the Higgs quartic term from the gauge and top sectors is
not big enough to produce the observed Higgs mass with-
out enormously heavy top partners which then feed into
the Higgs quadratic term. The additional Higgs quar-
tic allows to easily reproduce the observed Higgs mass
without ultra heavy top partners hence significantly re-
duces the tuning needed for successful EWSB. The role of
the additional quartic is somewhat different in the Twin
Higgs model. In these models it can be used as the (only)
source for Z2 breaking while keeping both the gauge and
top sectors Z2 invariant. As a result the Higgs potential
will be largely insensitive to colored top and gauge part-
ner masses. These Twin Higgs models will have a fully
natural EWSB sector with the heavy colored partners
outside of the LHC direct detection bounds.
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Appendix A: Form Factors

In this section we present the explicit form factors ap-
pearing in the effective Lagrangian. The form factors in
the triplet-singlet effective Lagrangian are

Π0
∆L

= 1 +
λ2

∆L

M2
14 − p2

, Π0
∆R

= 1 +
λ2

∆R

M2
14 − p2

,

Π0
ηL = 1 +

4λ2
ηL

5(M2
14 − p2)

, Π0
ηR = 1 +

4λ2
ηR

5(M2
14 − p2)

,

M∆
0 = M∆ −

M14λ∆L
λ∆R

M2
14 − p2

, Mη
0 = Mη −

4M14ληLληR
5(M2

14 − p2)
,

Π1
L =

λ∆L
ληL

M2
14 − p2

, Π1
R =

λ∆R
ληR

M2
14 − p2

,

M∆η
1 =

M14λ∆L
ληR

M2
14 − p2

, M∆η
2 =

M14λ∆R
ληL

M2
14 − p2

. (A1)

The form factors in the singlet effective Lagrangian are
defined by

Π1
ηL =

Π0
∆L

(M∆η
2 )2 + 2M∆

0 Π1
LM

∆η
2 + p2Π0

∆R
(Π1

L)2

4((M∆
0 )2 − p2Π0

∆L
Π0

∆R
)

,

Π1
ηR =

Π0
∆R

(M∆η
1 )2 + 2M∆

0 Π1
RM

∆η
1 + p2Π0

∆L
(Π1

R)2

4((M∆
0 )2 − p2Π0

∆R
Π0

∆L
)

,

Mη
1 =

1

4(p2Π0
∆L

Π0
∆R
− (M∆

0 )2)
×(

p2Π1
L(Π0

∆R
M∆η

1 +M∆
0 Π1

R)

+M∆η
2 (M∆

0 M
∆η
1 + p2Π0

∆L
Π1
R)
)
. (A2)

Appendix B: Gauge sector

In this section, we present the details of the gauge sec-
tor in the 2-site SO(5)/SO(4) model. The NGB fields
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can be parameterized as

U1 = Exp(
iπa1T

a

f
), U ′ = Exp(

iπâ2T
â

f
), (B1)

where T a is the generator of SO(5) and T â is the one in
SO(5)/SO(4) with the normalization of Tr[T aT b] = δab.
For simplicity we have assumed that the decay constants
of the two link fields are equal. The gauge interactions
for the two link fields U1 and H′ are given by

Lg = f2

2 Tr[DµU1(DµU1)†] + f2(D′µH′)†D′µH′

− 1
4Tr[ρµνρ

µν ]− 1
4W

a
µνW

µν,a − 1
4BµνB

µν , (B2)

where ρµν ≡ ρaµνT
a is the SO(5)2 gauge boson, the

covariant derivatives are DµU1 = ∂µU1 − i(gAaµT
a
L +

g′BµT
3
R)U1 +igρU1ρ

a
µT

a, D′µH′ = ∂µH′−igρρaµT aH′ and

T aL and T 3
R are SU(2)L and U(1)Y generators embedded

in the SO(4) custodial symmetry. After EWSB, only the
Higgs boson is remains uneaten. In unitary gauge, after
integrating out the gauge resonances ρµ, we get the effec-
tive Lagrangian of the gauge fields (at quadratic order)
interacting with Higgs boson as

Leff
g =

Pµνt
2

[
ΠWW

a
µW

a
ν + Π1

s2
h

4
(W 1

µW
1
ν +W 2

µW
2
ν )

+ ΠBBµBν + Π1
s2
h

4

(
g′

g
Bµ −W 3

µ

)(
g′

g
Bν −W 3

ν

)]
,

(B3)

where Pµνt = gµν − pµpν/p2 and the form factors are

ΠW = −p2 − f2g2p2

m2
ρ − p2

, ΠB = −p2 − f2g′2p2

m2
ρ − p2

,

Π1 = f2g2 +
2f2g2p2

m2
ρ − p2

− f2g2p2

2m2
ρ − p2

. (B4)

The gauge boson masses can be extracted

mW =
gf

2
sh, mZ =

mW

cos θw
. (B5)

The Higgs potential from the effective Lagrangian in
Eq. (B3) after integrating out the gauge bosons in Eu-
clidean momentum space will be

Vg(h) =
3

2

∫
d4pE
(2π)4

(
2 log[ΠW + Π1

s2
h

4
]

+ log[ΠWΠB + Π1
s2
h

4
(ΠB +

g′2

g2
ΠW )]

)
. (B6)

At order O(g2), the gauge contribution to the Higgs po-
tential is

Vg = γgs
2
h, (B7)

with

γg =
3

8(4π)2

∫
dp2
Ep

2
E

(
3Π1

ΠW
+
g′2Π1

g2ΠB

)
. (B8)
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Ψ5L

Ψ5R tR
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M

FIG. 6: Top sector in the two site model with minimal maxi-
mal symmetry

Appendix C: Fermion Sector

In this Appendix we present the fermion sector which
is identical to that in [13]. The top partner multiplet
Ψ5 is in the 5 representation of SO(5)2 with mass M
introduced at the second site. The left handed top dou-
blet qL = (tL, bL) lives on the first site while the right
handed top singlet tR on the second site, embedded as a
singlet of the SO(5)2. The top doublet is embedded in a
5 representation of SO(5)1 with the form

ΨqL =
1√
2


ibL
bL
itL
−tL

0

 . (C1)

The most general Lagrangian invariant under the
gauge symmetries for these fermions is given by

Lt = q̄Li /DqL + t̄Ri /DtR + Ψ̄5(i /D
′ −M)Ψ5

− εLΨ̄qLU1Ψ5R − εRΨ̄5LH′tR + h.c. . (C2)

We find that the top partner sector has an enlarged global
SO(5)L × SO(5)R symmetry broken by the mass term
to the diagonal subgroup SO(5)V which is the maximal
symmetry. This maximal symmetry will ensure that the
effective kinetic terms remain independent of the Higgs
and hence result in a finite Higgs potential. After inte-
grating out the Dirac fermion multiplet Ψ5, the effective
Lagrangian can be expressed in the global SO(5)1 invari-
ant form in momentum space

Lteff = Π0
LΨ̄qL/pΨqL+Π0

Rt̄R/ptR+MtΨ̄qLHtR+h.c., (C3)

with the form factors

Π0
L = 1 +

ε2L
M2 − p2

, Π0
R = 1 +

ε2R
M2 − p2

,

Mt =
MεLεR
M2 − p2

. (C4)

The top mass can be extracted from the above interac-
tions

mt =
εLεRM√
2MTMT1

sh, (C5)
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where MT =
√
ε2L +M2 and MT1

=
√
ε2R +M2 are the

top partner masses. The Higgs potential from the top
sector is of the form

Vt(h) = −2NC

∫
d4pE
(2π)4

log

(
1 +

|Mt|2s2
h

2p2
EΠ0

LΠ0
R

)
. (C6)

For sh � 1, we can expand this potential to O(s4
h)

Vt(h) ≈ −γfs2
h + βfs

4
h, (C7)

where

γf =
NC

(4π)2

∫
dp2
E

|Mt|2

Π0
LΠ0

R

,

βf =
NC

(4π)2

∫
dp2
Ep

2
E

|Mt|4

(2p2
EΠ0

LΠ0
R)2

. (C8)

We find that βf is quartic in the top Yukawa coupling.
According to power counting, βf can be parametrized as

βf ≈ cf
Ncy

4
t f

4

(4π)2
ln
M2
f

m2
t

, (C9)

where cf is an O(1) numerical constant and Mf is top
partner mass scale. βf is insensitive to the top partner
masses. As discussed in [13], βf is not big enough to
produce the observed physical Higgs mass, hence the ad-
ditional adjustable Higgs quartic is necessary and also
helpful to reduce the tuning.

Appendix D: the SO(8)/SO(7) twin Higgs model

In this final Appendix we summarize the structure of
the 2-site SO(8)/SO(7) Twin Higgs model. It is simi-
lar to the 2-site SO(5)/SO(4) model considered above
except one also needs to include the twin sector. The
Lagrangian of the gauge sector has the same form as
Eq.(B2), except that the EW twin gauge fields g̃ÃaµT̃

a
L +

g̃′B̃µT̃
3
R should also be added into the covariant deriva-

tive Dµ. Here T̃ aL and T̃ 3
R are the generators of the twin

sector’s gauge symmetry SU(2)′L × U(1)′Y embedded in
the subgroup SO(4)2 which act on the last four indices

of SO(8)1. If the gauge couplings are equal, g = g̃ and
g′ = g̃′, the Lagrangian will have a Z2 exchange symme-
try defined as

Aµ ↔ P ÃµP, U1 → PU1, U
′ → U ′P0, (D1)

where Aµ ≡ gAaµT
a
L + g′BµT

3
R, Ãµ ≡ gÃaµT̃

a
L + g′B̃µT̃

3
R

and

P =

(
14

14

)
, P0 =

 13

−1
13

1

 . (D2)

It’s easy to check that this Z2 is an exchange symmetry
between the SM EW sector and its twin sector which
include the Higgs TP(Aaµ ↔ Ãaµ, Bµ ↔ B̃µ, sh ↔ ch). So
the Higgs potential must be Z2 invariant.

For the fermion sector, the embedding of the top and
twin top into SO(8)1 is

ΨqL =
1√
2


ibL
bL
itL
−tL
04×1

 , Ψq̃L =
1√
2


04×1

ib̃L
b̃L
it̃L
−t̃L

 . (D3)

At the second site, an SU(3)′c triplet Ψ̃8 in the fundamen-
tal representation of SO(8)2 should also be introduced to
interact with twin top fields. Similar to Eq.(C2),the Z2

invariant Lagrangian is parameterized as

Lf = q̄Li /DqL + t̄Ri /DtR + Ψ̄8(i /D
′ −M)Ψ8

− εLΨ̄qLU1Ψ8R − εRΨ̄8LH′tR + h.c.

+
(
qL, tR,Ψ8 → q̃L, t̃R, Ψ̃8

)
, (D4)

where the Z2 transformation of the fermion multiplets is
defined as

ΨqL ↔ PΨq̃L , Ψ8 ↔ Ψ̃8, tR ↔ t̃R. (D5)

The Higgs potential from fermion sector will also be Z2

invariant.
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