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Generating a Higgs Potential Quartic Term
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We present a simple mechanism for generating a Higgs quartic in composite Higgs models without a
corresponding quadratic term. This quartic term 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 Z, breaking, while the
top and gauge sectors can remain exactly Z, invariant.
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The sensitivity of the Higgs potential to very large
energy 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
particle physics. One can eliminate this sensitivity to UV
scales by introducing new physics (such as supersymmetry)
not too far above the EWSB scale. Of such new physics
models, the pseudo-Nambu-Goldstone boson (PNGB)
Higgs [1-5] (for reviews, see [6-9]) is one of the simplest
and most widely studied. The mechanisms that ensure that
the resulting Higgs potential remains free of UV divergen-
ces include collective symmetry breaking [4], discrete
symmetry [10,11], or maximal symmetry [12,13].

In order to generate a potential for the PNGB Higgs, the
global symmetry G (whose spontaneous breaking gives rise
to the PNGB) has to also be explicitly broken. The resulting
Higgs potential can be parametrized as an expansion of
some small (soft) explicit breaking. The main difficulty of
such models is that generically only Higgs quadratic terms
are generated at the leading order while both quadratic and
quartic terms are generated at the next-to-leading order. On
the other hand, the Higgs mass of 125 GeV requires that the
quartic be much less suppressed than the quadratic term.
Hence, usually a tuning of the order of a few percent level is
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needed to produce the little hierarchy of the EWSB and the
new physics scales. Models that produce an adjustable
Higgs quartic term without introducing a Higgs quadratic
provide an elegant solution to the little hierarchy problem.
An example of this type are 6D models [14] where a tree-
level quartic can originate from the gauge boson compo-
nents 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 compli-
cated and also require additional PNGBs, such as the
second Higgs doublet (i.e., the generated quartic is that of a
two-Higgs doublet model and not a true Standard Model
(SM)-like Higgs quartic).

In this Letter 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 independent of the
Higgs field, we will only produce a Higgs quartic term in
the one-loop effective potential but no Higgs quadratic
term. The simple underlying reason is that a triplet-singlet
mixing necessarily 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 the momentum independent
mixing term always gives a negative contribution). The
recently proposed maximal symmetry [12,13] has exactly
the right properties for this mechanism: its main effect is
exactly to protect the effective kinetic terms from Higgs
dependent corrections. Thus, models with maximal sym-
metry can naturally produce a positive and adjustable Higgs
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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 additional structures. When we implement
this mechanism in twin Higgs models, the additional
quartic will allow the top and gauge sectors to remain
exactly Z, invariant, thus fully natural EWSB without any
tuning can be achieved.

First, we illuminate the essence of our simple mechanism
for producing an adjustable Higgs quartic coupling based
on PNGB Higgs model. We introduce the EW triplet A and
singlet # Dirac fermions, both of which are assumed to be
elementary. For simplicity, 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[ApA] + iipn — GHTAHn + Hc> (1)

where f will be the PNGB Higgs decay constant and H is
the Higgs doublet. The hypercharge of the two Dirac
fermions are assumed to be zero. Note that the choice of
triplet and singlet representations under SU(2), is essen-
tial: since A carries two SU(2) indices and 1 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, it is easy to
find that the leading contributions from the loop of the
triplet and singlet fermions to the Higgs quartic self-
coupling is always negative:
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where in the second line we performed a Wick rotation to
Euclidean space p? — —p%, where p% = pZ+ (p)? is
positive definite. From this 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 extra p? term in the Feynman
diagram, which after Wick rotation will provide an addi-
tional sign flip (p* — —p32).

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

L = Tr[ApA] + iipn — (J%H*AHW/ + Hc> (3)

It is easy to check that the leading one-loop correction to
the Higgs potential has an extra p? factor compared to the
previous case, which will flip the sign of the contribution 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 always produce a negative
shift in the Higgs quartic. Hence, we can see that only the
case of kinetic fermionic mixing will produce the desired
positive shift in the Higgs quartic self coupling. To
summarize, we found two necessary conditions for pro-
ducing an adjustable and positive Higgs quartic in the
triplet-singlet model: (i) The effective kinetic terms must be
Higgs independent. (ii) The triplet-singlet mixing must be
momentum dependent. The first condition is exactly the
main consequence of models with maximal symmetry,
which we will take advantage of.

Before we present our full model we would like to first
demonstrate how such a kinetic mixing term can be easily
generated in the effective theory. The key is to consider a
chiral mixing between the fermions A, # and some heavy
fermion y. Such linear couplings between elementary (A,
n) and composite (y) fields show up naturally in models of
partial compositeness in composite Higgs models. For a
simple illustration we introduce an SU(2), doublet fermion
¥, with the most general chiral mixing with the A, #:

[’int = /llL‘ij2RALH +12L@2RH’7L + (L <> R) + H.c. (4)

After integrating out the heavy fermion we find the
following effective mixing terms in the low-energy effec-
tive Lagrangian:

Lar = M= 2 (MLl HY A Hp,

+ My ogHYA Hng) + (L < R) +He.,  (5)

where M is the mass of the heavy field. We can see that in
the general case we get both the kinetic and Yukawa
mixings in the effective Lagrangian (leading to both
positive and negative contributions to the Higgs quartic).
However, one can easily turn off either the mass or the
kinetic mixing by dialing the various A; x couplings. For
example, if we turn off the right handed or the left handed
couplings (e.g., Ajor = 0 or 4; 5, = 0) [16], we will only
get the kinetic mixing term, while if we turn off one left

251801-2



PHYSICAL REVIEW LETTERS 124, 251801 (2020)

handed and one right handed coupling (e.g., 4,z = 0 and
A = 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 produce the desired
kinetic mixing in the effective theory.

Let us now show how to actually obtain a complete
realistic model with all the essential ingredients explained
above by embedding it into a simple two-site composite
Higgs model. For this we will use the simplest implemen-
tation of maximal symmetry recently proposed in [13].
While the smallest implementation of minimal maximal
symmetry is based on a SO(5)/SO(4) coset space, we will
instead focus on introducing the Higgs quartic mechanism
into twin Higgs models [10,17-21] in this Letter, because
we will obtain the most interesting realistic model with
fully natural EWSB that way. Hence, we choose the
SO(8)/SO(7) coset space which is the minimal one to
contain the complete SM + twin sector.

The setup of the two site SO(8)/SO(7) coset space is
similar to the SO(5)/SO(4) case in [13], except one also
needs to include the twin SM. Each site has its own SO(8)
global symmetry, so we have an SO(8); x SO(8),. The
EW and its twin gauge symmetry are embedded in SO(8),,
while we assume that SO(8), is fully gauged. The link field
U, in the bifundamental representation of the global
symmetry breaks the global symmetry to the diagonal
subgroup SO(8),, and the scalar field ' in the fundamental
representation of SO(8), breaks the gauge symmetry
SO(8), to SO(7). So the uneaten Nambu-Goldstone bosons
(NGBs) are in the coset space SO(8),/SO(7) as needed for
twin Higgs models (THMs).

Based on the implementation of the two-site minimal
maximal symmetry presented in [13], we embed the EW
triplet A in the first SO(8), and put the singlet  at the
second site as a singlet of SO(8),. On the second site, a
heavy composite Dirac fermion W;5 in the 35 (traceless
symmetric) representation of the SO(8), gauge group is
introduced, which will mix with the A (embedded in
another 35 representation of the SO(8), global symmetry)
and the 5 fermions.

The most general Lagrangian for these fermions invari-
ant under the global SO(8), x SO(8), is given by

Ly = Tr[A(ip = Ma)A] +7(ip — M,)n
+ Tr[Ws35 (i) — M3s)Wss] — {Aa, Tr[¥a, Uy W5, U7 |
+ Ay, H'"Wss, H'n, + (L <> R) + He}. (6)

The composite sector has a chiral SO(8),; x SO(8),
global symmetry in the M35 — O limit, which is broken
by the fermion mass leaving behind the SO(8),, maximal
symmetry. In the 1, — 0 limit this SO(8),,, symmetry can
be identified with the global shift symmetry of NGBs in H’,
while in the 4, — 0 limit with the shift symmetry of Uj.
Thus, we can see that the global shift symmetry is

collectively broken and the Higgs potential must be
proportional to (4,4,). This collective nature of the
breaking will also ensure that the Higgs potential is at
most logarithmically divergent. Upon integrating out the
massive W35, only the kinetic and mass mixing terms
between A and # will depend on the Higgs due to maximal
symmetry

Lo = T H Py, Hpny, + MY"HY P, Hay,
+ (L < R)+Hc, (7)

where 1} , and M}"% are form factors resulting from
integrating out of W;s. H = U,H' contains the uneaten
NGBs which can be parametrized in unitary gauge as
H =(0,0,0,s,,0,0,0,c;,), with s, =sin(h/f) and
c,=cos(h/f). If we express this effective Lagrangian
in terms of the Higgs field, we find that all mixing terms are
proportional to 57, as expected from our general discussion
at the beginning of this Letter. Thus, the loop-induced
Higgs potential contains only quartic terms (or higher) in
the Higgs field. For s, < 1, expanding the Higgs potential
to leading term, we indeed get V, =~ ﬁAsﬁ.

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 (7). These will
generate a negative contribution to the Higgs quartic
coupling as we discussed earlier. In total there are four
independent triplet-singlet mixing terms in the effective
Lagrangian and any two of them can be contracted in a loop
to give contributions to the Higgs quartic coupling. The
sum of these contributions can be both positive and
negative: the sign depends on the actual choices of the
parameters in the model. So in a realistic model, f, can be
positive or negative. We uniformly scanned the whole
parameter space and found that the region corresponding to
a positive f3, is large (see Fig. 1), which implies that in this
model we can naturally obtain a positive shift Higgs for the
quartic coupling.

Our mechanism of inducing a positive quartic is par-
ticularly interesting in the context of THMs because the Z,
parity s, <> ¢, [10] between the SM and twin sector has to
be broken to achieve realistic EWSB, which usually
reintroduces some sensitivity to the partner masses and
some of the tuning in ordinary THMs [17-19]. The beauty
of our mechanism of generating the quartic is that this could
be the sole source of Z, breaking, allowing the top and
gauge sectors to remain exactly Z, invariant and without
introducing any tuning. In essence the Higgs quartic
mechanism will ensure that the Z, symmetry of the gauge
and top sectors has the maximal effect on softening the
Higgs potential [22].

The construction of a Z, invariant top and gauge sector is
identical to the case of the ordinary SO(8)/SO(7) twin
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Higgs models. The version with minimal maximal sym-
metry can be obtained by adding the left handed top doublet
and the twin top doublet at the first site and the right handed
top as well as the twin top at the second site as a singlets of
SO(8),, just like in the construction in [13]. The one-loop
induced Higgs potential from the top and gauge sectors
appear at O(y?), O(g?) and will be canceled by their twin
partners due to the Z, parity. Thus, the leading order Higgs
potential is at O(y}), O(g*) of the form

V(h) = (Bf

where we have added the extra quartic contribution from
our mechanism and f , is from the Z, preserving top and
gauge contributions which can be parametrized as

— By)(sh + ¢i) + Pasiy, (8)

4 M2 4 4 2
By cytfl My p=c, 99 0
I (4r)? ,2 10247% ~ m3,
(4ady)?
:BA CAn (4”)2 ln M,2 ’ (9)

where M is a typical mass scale of the top partners, m,, is
the gauge resonance mass, M; is the mass of A or , A ~
4rf is the cutoff in the composite sector, A5, = {4, ,,
Asgag ts @and ¢ o, are O(1) numerical parameters. Since

the quadratic divergences are canceled by the twin partners
both in the gauge and top sectors hence f,, are only
logarithmically sensitive to the mass of the vector boson
and colored top partners. Thus, the Higgs can be light even
for heavy colored top partners with only a mild logarithmic
tuning.

Finally, we discuss the EWSB of the Higgs potential and
show that the twin Higgs model with our mechanism for
generating the Higgs quartic can give rise to a realistic
minimum with no tuning at all.

In composite Higgs models the Higgs potential can be
parametrized as

V(h) = ~(ry = 15)5} + B (10)
where it is assumed that for realistic EWSB vacuum
expectation value (VEV) s, < 1 hence higher powers of
s, are neglected and y, and y ; are the contributions from the
gauge and fermion sectors. In our model, from Eq. (8),
Yosr = 2Bgs» B=2(By — By) + Pa- The overall § has to be
positive for a realistic model so the PNGB Higgs will
acquire a VEV if y, —y, =y > 0 with a minimum at

P ﬂf By
2 B
where ¢ is a parameter measuring the separation between f

and EWSB scale v. The Higgs mass in this vacuum is
m2 = 8PE(1 — &)/ f%, and we can see that for a fixed value

(11)

f. B is also fixed. Using v?/f* ~ & we see that the Higgs

mass depends only on B/ f*. The value of f reproducing
my, = 125 GeV is

0.032
1-¢

2
ﬁ_ my

AsR(1-¢)

(12)

Moreover, from Eq. (8), we can see that f,/f*=
0.032(1 =2&)/(1 =¢).

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 f from (12) we show a contour plot of
Ba/f* in part of the right-handed coupling parameter space
in Fig. 1 while fixing other parameters in natural values. We
see that for a sizable fraction of the parameter space 5 is
sufficiently large to produce the observed Higgs mass.

One important feature of our model is that it naturally
predicts & around 0.15 with My > 2 TeV and m, > 4 TeV
and no tuning (A ~ 1), because f; and B, only have a
logarithmical dependence on M, and m, from Eq. (9).
Indeed, together with Eqgs. (11) and (12), we have

N 2 (M7
¢ o7 (—) 1n<—§>. (13)
2 my, my

One can clearly see that the predicted small value of &
around 0.15 is a consequence of one-loop suppression
together with the logarithmic enhancement by the colored
top partner mass M, in addition to the numerical factors
N, c.

Br=PBy Py

ST NS

Aag/f

FIG. 1. Contour plot for the Higgs quartic coupling S,/ f*
(¢ fixed at 0.15) as a function of the right-handed couplings
Aa,/f and 4,,/f with the masses of the triplet, the singlet and
the W35 multiplets fixed at 4 TeV, My = M, = M35 = 4 TeV, and
the left-handed couplings fixed at A5, = 2f,4,, = 2f.Theredline
with Br/f*~0.0266 correspond to physical Higgs mass
my, = 125 GeV.
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The main source of tuning in ordinary THMs is the
sensitivity to m,. It remains minimal ~1/& when the p
meson is light (m, < 2.25 TeV for ¢ = 0.15) and will grow
linearly with mlz, for heavy m,. For the current bound m,, >
3 TeV [23], this corresponds to A™ > 12. Therefore, we
can see that our mechanism substantially helps the tuning
of the Higgs potential.

In our model, smaller values of £ can be easily obtained
by turning on Z, breaking contributions from the hyper-
charge U(1), sector (or light quark sector). Thus, the gauge
contributions will be enhanced and quadratically sensitive
to m,. Using this we can require a mild cancellation
between the enhanced y, and y, as in ordinary twin
Higgs models [18,19] and meanwhile enhance S, to
achieve smaller £, which will result in a small tuning of
about A~3 for £=0.1 with M, € [2,2.5] TeV and
m, € [3,3.5] TeV. The natural value £=0.15 of our
simplest model is consistent with the current LHC bound
£ < 0.2 [24]. However, future lepton colliders like CEPC,
ILC, or TLEP will be able to test £ down to much smaller
values.

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 adjust-
able Higgs quartic term. It is based on the observation 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 implemented in any
composite PNGB Higgs model. We presented an explicit
realization in a two site composite twin Higgs model with the
minimal implementation of maximal symmetry. In twin
Higgs models the extra Higgs quartic can be used as the
(only) source for Z, breaking while keeping both the gauge
and top sectors Z, invariant. As a result the Higgs potential
will be largely insensitive to colored top and gauge partner
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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