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We propose that the Higgs potential, a key element in our understanding of nature, is partially generated
by the instantons of new confining dynamics, perhaps from a hidden sector. In this picture, while the Higgs
itself is a fundamental field, it controls the strength of the nonperturbative interactions that give rise to its
potential. This setup can be realized in “Twin Higgs” hierarchy models, where the twin strong dynamics
confines at or above the weak scale, but large quantum corrections to the Higgs potential are avoided. We
examine a simple setup in which this instanton contribution is augmented by a quartic term, which is
sufficient for a realistic electroweak symmetry breaking mechanism. The minimum of the potential is given
by the Lambert W, function, with these assumptions. We discuss the predictions of this model and how it
may be tested through measurements of the Higgs self coupling. Given the connection with nontrivial
dynamics, one may also consider the prospects of accessing hidden sector states at colliders; this seems to
be typically challenging in our setup. Symmetry restoration in the early Universe in this scenario is briefly
examined. We also comment on the possible connection of our general setup with recent work on the

physics of field space end points.
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I. INTRODUCTION

The discovery of a scalar boson at the LHC [1,2]
completed the menu of the particles contained in the
Standard Model (SM). We will refer to this particle
as the Higgs, however as the following suggests its
detailed properties may not coincide with that of the
SM. While a number of key interactions for the Higgs
have been measured to coincide closely with the
SM predictions [3], its exact nature remains an open
question. For example, the strength of the Higgs
couplings to the first generation fermions are still
unknown and pose a challenge for experiments. The
self-interactions of the Higgs have not been measured
either and could potentially deviate from the SM
expectations. Such a measurement would be important
in establishing the form of the Higgs potential, which
is key to answering fundamental questions about the
mechanism for electroweak symmetry breaking (EWSB)
[4], the history of the Universe, and its likely destiny
(see, e.g., Ref. [5]).
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II. THE MODEL

The model we propose here assumes a new non-Abelian
gauge interaction that we take to be an SU(N') group, with
N > 2. This gauge sector may not have any direct con-
nection with any of the SM interactions and could be part of
a hidden sector. We do not specify the details of this sector,
but it could possibly be where dark matter originates from.
All we will assume for now is that there is a dimension-6
effective operator,

H'H

6‘66 - —WGZZUG“”D, (1)
where H denotes the Higgs doublet field, M > 100 GeV is
a high scale to be determined later, and G, is the SU(N)
field strength tensor of adjoint index a = 1,2, . N?2—1.
The negative sign is required and presumably set by
decoupled high energy physics.1 Such operators could arise
in a variety of SM extensions [7], such as the “Twin Higgs”
model [8]. We will later comment in more detail on the
differences in phenomenology of this model in our setup
versus the original implementation. The normalization factor
1/4 is chosen for later notational convenience. We will adopt
a convention in which the gauge kinetic term is of the form
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"Later, we will briefly discuss the implications of a positive
sign in the context of a recent theoretical analysis in Ref. [6].
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where the gauge coupling would be given by g, if the
vacuum expectation value (VEV) of the Higgs field
(H) =0, i.e., when electroweak symmetry is unbroken.
Taking into account the interaction in Eq. (1), the effective
gauge coupling g at low energies is then given by

(H)?
92_90+ M* )

1 1
)

where consistency with observation requires v = V2(H) ~
246 GeV.

Based on general considerations, starting from some UV
scale A, gauge interaction instantons can generate a scale y
given by

ph~ AteS, (4)

where S = 87°/¢” is the instanton action; see for example
Refs. [9,10] for discussions in the context of axion physics.
Given the above dependence of g on the value of the Higgs
field, we then expect an instanton contribution to the Higgs
potential V(H). Let us assume that V(H) also contains a
quartic coupling of strength 1 and hence,

HiH

V(H) = pde ™5 + A(H H)?. (5)

Here, y is the scale generated by the initial value of the
gauge coupling g,. In the Appendix, we will briefly outline
a scenario where the quartic term is replaced by the CP
violating counterpart to the dimension-6 operator in Eq. (1).

Let us define x= (H)/M. We note that the SU(N)
interactions become confining when g2 <« 1. With our
assumptions, this requires both g5? <1 and x> < 1. If
these conditions are not satisfied, the scale of confinement
for the hidden gauge dynamics would be pushed to well
below the weak scale and a suitable Higgs potential would
not be generated by the SU(N) instantons. Here, we expect
that the initial scale of confinement u, in Eq. (5) to be
lowered to pu < uy once the Higgs gets a VEV and the
electroweak symmetry is broken.

In order to find the minimum of the Higgs potential, we
solve dV(x)/dx = 0. This yields

ye' =R, (6)

where y = 822x* and

2 2aug\*
R=-|—+]. 7
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The solution to Eq. (6) is given by the Lambert function W,
[11], with

y = Wo(R). (8)

for R > 0, which holds for all cases of interest in our work.

Here, we would like to note that this simple treatment of
electroweak symmetry breaking in our scenario ignores the
feedback of a nonzero Higgs VEV on the potential in
Eq. (5). That is, with our assumed interactions, we expect
that after the Higgs field condenses, the effective SU(N)
coupling gets smaller. This in turn suppresses the instantons,
leading to a smaller scale u in the Higgs potential, which
leads to a smaller value of (H). A smaller VEV for the
Higgs makes the gauge coupling larger and enhances the
instanton effect, and the process is repeated. This iterative
picture is in reality a smooth process where (H) evolves
from a larger initial value to a final one that is somewhat
smaller. The process is converging, and we find for the final

VEV, v = \/§fo, and instanton generated scale Ky

(47[.Xf)2 = Wo(ZR), (9)
822
pf = e (10)

Note that there is also the effect of the decrease in the
cosmic temperature which moves the VEV in the opposite
direction, making the instantons stronger and (H) larger.
However, if the potential in Eq. (5) is taken to correspond to
that obtained well after SU(N) confinement, we may
assume that the instanton strength is effectively frozen
and not affected by further thermal evolution of the gauge
interactions.

III. PHENOMENOLOGY

Using Eq. (9), we may now solve for y in terms of A and
M, by setting the Higgs VEV v to its experimentally
determined value. We will denote the observed Higgs
boson by h, and H — (v+h)/v/2 after EWSB.
Substituting this expansion into V(H), the Higgs boson
mass my, is then defined by

2V (h)
dn* |-y’

(11)

2
my

which we set to its measured value m;, = 125.2 GeV [3].
We can also obtain y in terms of 4 and M from the above
equation and (10). With the above solution for y,, we may
then obtain values of A which yield the experimentally
determined Higgs parameters, as a function of M; this is
plotted in Fig. 1.

Given that the Higgs potential introduced here is different
than that of the SM, it would be interesting to distinguish the
two cases. Here, we focus on the value of cubic and quartic
couplings of the Higgs boson £, denoted by 45 and 4,. Note
that the cubic coupling has dimension 1 and hence we define
3 as the coefficient of vA? in the broken phase, while 4, is
the coefficient of the 4* term. These coefficients are then
given by
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FIG. 1. Value of the Higgs self coupling parameter 4 which

yields the experimentally determined Higgs VEV and mass,
as a function of the mass M where the new physics is expected to
set in.
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FIG. 2. The cubic and quartic couplings of the Higgs boson in
the scenario presented in this work are represented by the solid
magenta and dark blue curves, respectively. The dashed green and
light blue lines represent, respectively, the corresponding SM self
coupling predictions of the Higgs boson. As the mass scale gets
higher, the parameters in our model approach their SM values.

1 &V (h) 1 d*V(h)
3 an |, M A | o (12
We have plotted 45 and 44 in Fig. 2.

As we can see the cubic coupling of the Higgs boson
approaches that of the SM prediction as M gets larger. For
M <3 TeV, a measurement of this quantity at the ~10%
level can uncover a deviation from the SM.” This may be

2A similar result is found in Ref. [12], which however takes
M ~ 300 GeV and therefore it is not clear to us whether the EFT
assumption still holds for multi-Higgs final states requiring
energies above M. Additionally, we want to emphasize that
expanding the exponential in the effective Higgs potential in
general does not capture the full extent of the physics at play.

1 1

M(TeV)

FIG. 3. The Higgs potential parameter y, vs M.

feasible at a future collider through measurements of
double Higgs production [13]. Similarly, the quartic cou-
pling of the Higgs boson agrees with its SM value in the
limit of large M, as expected. Since it is extracted from
triple Higgs cross sections, its measurement is experimen-
tally challenging. Nonetheless, given the large deviation
from the SM value for smaller scales M <3 TeV, a
precision measurement is not required and a detection of
the quartic coupling anywhere near the SM expectation can
potentially rule out this model.

Let us now address the question of Higgs potential
stability in our model. We note that the first term in Eq. (5)
for V(H) is assumed to be generated by nonperturbative
effects. The scale of this dynamics is ~p, and as can be
seen from Fig. 3 uy ~ O(v). As one probes higher-energy
scales, this contribution is expected to become small, as the
instantons are suppressed with decreasing ¢.

Hence, for scales Q > v, relevant to the question of
stability, we may ignore the instanton contribution and focus
on the second term proportional to A, whose value as a
function of M is plotted in Fig. 1. We can calculate the
running of A with O, based on the well known renormal-
ization equations, which apart for the initial value of 4 at
Qy = v are the same as in the SM, which is currently known
up to three-loop order [14]. We have

di
1671'2% = 242% + 2(12y? = 93 — 3¢%) — 6y}

9, 3, 3
+§g‘z‘+§g‘1‘+zg%9%, (13)

where y, is the SM top Yukawa coupling; g, and g, are the
SU(2), and U(1), gauge couplings, respectively. We have
plotted the running of 1 with Q, for a few values of M, in
Fig. 4. The coupling stays positive and does not destabilize
the Higgs potential up to energy scales Q ~ M. For higher-
energy scales, the effective field theory (EFT) assumption is
no longer valid and the theory must be matched onto a
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FIG.4. Running of 4 for three values of M. The dark blue, green
and light blue curves correspond to M = 2, 4, 6 TeV, respectively.
The vertical, dashed lines represent the mass scale with the same
color coding. Above this respective scale the explicit UV
completion needs be taken into account because the EFT
assumption is no longer valid.

concrete UV completion which will also change the running
of A for O > M.

IV. COSMOLOGICAL CONSIDERATIONS

So far, we have been discussing the parameters required
for realistic electroweak symmetry breaking, and key
features of the Higgs potential in our model. However,
here we would like to discuss the general aspects of this
theory in the early Universe, in particular at temperatures
above the weak scale T = v.

We start by asking whether the hidden gauge dynamics
can be expected to be in thermal equilibrium with the SM at
such temperatures. The most direct link between these two
sectors is through the assumed dimension-6 operator in
Eq. (1). We may ask at what temperature the hidden SU(N)
gauge theory decouples from the SM. This is governed by

the Hubble rate H ~ g,]/ 2TZ/MP, where g, ~ 100 is the
relativistic degrees of freedom and Mp = 1.2 x 10! GeV is
the Planck mass. Based on dimensional analysis, the
decoupling temperature 7, is given by

5
4 SH(T) (14
We have largely assumed M < 10 TeV, and hence we find
the upper bound on 7', for our parameter space of interest is
typically T; < 0.2 GeV. Hence, for T at or above the weak
scale we can expect the hidden gluons to be in thermal
equilibrium with the SM.

Given the above analysis, we expect that for 7" 2 p, the
hidden SU(N) theory enters the weak coupling regime, due
to asymptotic freedom. This suggests that the first term in
V(H), contributed by instantons, becomes suppressed and
for T > p,, i.e., for temperatures well above the weak scale,

the Higgs potential is dominated by the quartic term, which
has a minimum at (H) = 0. Thermal loops, which yield a
contribution to the potential «7?H"H only enhance this
effect and therefore at 7 > u, we may expect that the
electroweak symmetry is restored, which also coincides
with the deconfined phase of the hidden SU(N) theory.

In the limit that the hidden gluons are the only states
from that sector which are in thermal equilibrium, based on
general arguments, we may expect that as the SU(N)
theory confines at 7' < py, it would go through a first-order
phase transition [15,16]. This transition sets up the Higgs
potential through nonperturbative instanton interactions.
Therefore, EWSB in our theory is expected to be immedi-
ately preceded by a first-order phase transition at T ~ y,),
which could give rise to observable primordial gravitational
waves [17,18].

In the preceding discussion, we have implicitly assumed
that the hidden gluons could have been produced at high
temperatures prior to getting confined. The confinement
would lead to the appearance of hidden “glueballs” that are
analogs of those from QCD in the SM. Given their strong
interactions, we may expect that the hidden glueballs would
annihilate and drive their population to the lightest such
state, which is assumed to be a O™ scalar state of even
parity and charge conjugation [7] that can mix with the
Higgs and decay through it; we will denote this state by G,,.
In the parameter space typical of our model, we expect the
mass of G, to be large compared to the Higgs mass;
mg, > my,. Hence, its contributions to the Higgs exotic
decays would be negligible, only allowed as an off shell
state. However, the decay of G, through the Higgs into the
SM sector would typically be prompt. This ensures that the
hidden glueballs would not form a late decaying relic
population, which could disrupt big bang nucleosynthesis.
Hence, we do not expect any constraints from cosmology on
our scenario.

V. HIDDEN SECTOR SIGNALS

Given that the lightest hidden glueball, G, can mix with
the Higgs, we will next consider the prospect for discov-
ering it in future collider measurements. We may adapt the
results in Ref. [7] to get an estimate for the typical size of
the mixing angle between the Higgs boson % and G,,. To do
so, we will assume that hidden dynamics is governed by
SU(3)y., in order to facilitate analogy with insights from the
SM strong interactions of low energy QCD.

Let us rewrite the interaction in Eq. (1), by making the
dependence on the hidden fine structure constant ay
explicit,

H'H
Lo — —aay ——m G4, G, (15)
M3

where My is the scale of physics well above the confine-
ment scale of the hidden sector, which we will take to be .
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In our work, we typically have py = O(100 GeV) and
My Z O(TeV), which furnishes the assumed hierarchy
of scales. Let us denote the decay matrix element for
Gy — ‘vacuum’ by F,, where

1
Fo =5 {01GL,G™[0), (16)

We may take [7]
~ 3
dmayFy = 2mg, . (17)

With the above definitions, Eq. (15) would then lead to the
mass mixing term

SLe — —N2h Gy +..., (18)
where hatted fields are in interaction basis and we have

(4raxFy)v

A2
4zM?3

(19)

One can make a transformation to the mass basis, with
the Higgs boson 4 and hidden glueball G, as the propa-
gating states. We have

h = cos ¢h + sin ¢G, (20)
and
Go = — sin ¢h + cos PGy, (21)
where the mixing angle ¢ is given by

2A2
tan 2¢ = 5
mgo —m

(22)
In the above, m; = 125.2 +0.11 GeV is the Higgs boson
mass [3]. For SU(3)y, we adopt mg, ~ Tuy [7], which
typically implies mg 2 1 TeV.

Assuming mg, ~ My, we then roughly estimate that
¢ <4 x1072. This implies a shift in the Higgs boson
couplings at the level of O(¢?/2) <8 x 107, which is
well below the current precision of few % or worse. It is not
clear that this level of precision in the couplings of  would
be achievable in the foreseeable future [13,19]. One may
consider the production of G, on resonance through gluon
fusion. This can be estimated from the production of a
Higgs boson with mass m; — mg,, in gluon fusion, but
suppressed by ¢?. Again, the level of expected suppression
makes this a challenging prospect. We would next like to
briefly mention potential UV models that would generate
the effective operator (1).

Here, we also add that the interaction we have assumed
in Eq. (1), could in principle lead to the emergence of a

dimension-6 operator in the SM effective field theory of the
form CpyoH'HOHTH/A?, suppressed by the scale A
which we take to be 1 TeV [20]. Following the treatment
in Ref. [20], one can show that in our scenario, where the
lightest composite state has a mass mg 2 1 TeV, the
Wilson coefficient Cy < few x 1072, which does not lead
to a significant constraint on our model, given the current
experimental bounds [20].

A. A more hidden twin higgs scenario

At first, we focus on the previously mentioned Twin
Higgs model designed to solve the hierarchy problem up to
some cutoff scale A > Agw known as the “little hierarchy
problem”. In the minimal version, this is done through
realizing the experimentally observed Higgs boson as the
Goldstone boson of an approximate, global SU(4) sym-
metry. The UV sensitivity of the Higgs mass is ameliorated
by extending the fermion content with partner states which
are related to the SM fermions by a Z, symmetry [21].
Here, we would like to add an additional twist to the
original idea. Assuming that the Twin SU(3),, coupling
constant is given by gp = 1.5 X g3 at a scale uy = 1 TeV
and no dark colored states are lighter, we find that the dark
QCD develops an IR Landau pole and confines at
Ho ~ 250 GeV, which is in accordance with our assump-
tions; see Fig. 3. The little hierarchy problem is then solved
up to scales A ~ 5 TeV allowing for a O(15%) fine tuning.
We note that while the Twin scenario can lead to the
cancellation of contributions from the SM and UV physics
to the Higgs mass parameter, which by the way also could
justify assuming a small mass term, which we have ignored.
Such a suppression does not apply to the strength of the
dimension-6 operator in Eq. (1), which is mediated only by
the hidden sector states.

A major phenomenological difference is that with the
above mentioned changes there are no light new states. The
Higgs boson couplings due to mixing with the lightest dark
glueball are only slightly altered. Furthermore this glueball
is too heavy to be produced on-shell in Higgs decays, and so
there are no expected events with missing final state energy
at the LHC. Hence, the only deviations from a SM-like
Higgs lie in the self-couplings. To summarize, all essential
properties of the Twin Higgs model remain preserved if one
takes the dark QCD to confine in the way presented above,
while simultaneously yielding a Higgs boson that looks like
the one experimentally observed, thus providing additional
viable parameter space for this model.

B. Other realizations

In addition to the Twin Higgs framework, here we present
some alternative UV realizations, as well as comment on
their impact on the question of stability of the Higgs
potential. At tree-level, there is no UV completion that
could generate the required dimension-6 operator. At the
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FIG. 5. Feynman diagram generating the effective operator (1)
after integrating out the heavy dark scalar S and fermion y
running in the loop.

one-loop level, we find that a dark scalar S which couples to
dark fermions y that carry SU(N) color can generate the
effective interaction (1) through the Lagrangian [22]

‘C’ D) _yl//SWl// - /ISSZ(HTH) + l/_/(lp - m!//)l// (23)

The Feynman diagram responsible for generating the
effective operator is shown in Fig. 5. The effective mass
scale M in (1) is then given by

Lz _ %%, (24)
M 3ﬂ-}wS(Wll// +y1//US)

with mg,, the UV mass of the dark scalar and the fermion,
respectively, vg the VEV of S, and y,, the Yukawa coupling
of w to S. Additionally, this new scalar particle could
potentially stabilize the Higgs potential in the absence of
further new particles that couple to the Higgs. This is fulfilled
for a mass of Mg ~ 1 TeV and scalar-Higgs couplings 9 x
10~* < Ag/(4n)* < 2 x 1072 [23]. Experimental bounds on
the allowed mixing of the Higgs boson with § suggest A¢ <
0.2 [23], for Mg ~ 1 TeV.

Other single particle extensions of the SM that generate
(1) at the one-loop level under the assumption that the
coupling to QCD and the dark QCD are of comparable size
and structure include the leptoquarks  ; 4, I1; 7 and  [24],
the diquarks €;,3 and Y [25-27], the Manhohar-Wise
model [28], the singlet vectorlike quarks (VLQ) U, D and
0157 [29], and the triplet VLQs T’y , [30]. The corresponding
effective mass scale can be extracted from the respective SM
effective field theory (SMEFT) Wilson coefficients found in
Refs. [30-32]. Out of these, the models w,, I1;, {, D, U, Q;,
and Qjs also stabilize the Higgs potential at the Planck scale
[23,33-35]. Note that models D and U require particle
multiplicities N > 2, while Q5 demands N = 1. We refer
the interested reader to the above cited works for more details.

Before concluding this work, we will make a connection
to recent work in Ref. [6] on the physics of end points in
field space. Note that the sign of the operator in Eq. (1) is
determined by the UV physics generating this operator,
which depending on the specific UV realization can be either
positive or negative. This, for example, can be easily seen
using our simple model leading to Eq. (24), where the sign of
the product 4gy,, is not fixed and could resultin either sign for
the Wilson coefficient of the dimension-6 interaction.

Here, we note that if the interaction in Eq. (1) has a
positive sign, it would lead to an instanton produced
potential of type

VH) xe ~ (25)

with |H|> = H'H and A?> = M?/(8%°). The end point of
the field configuration is given by

W o 877.'2/\2
%

(26)

The discussion in Ref. [6] identifies the true cutoff of the
theory underlying this potential to be of order A, which can
only be manifested by a coherent field configuration with a
large number of bosons.

In the context of our model, the above endpoint for H is
related to the size of the hidden gauge theory coupling gp.
Obviously, if |H|* gets too large, the kinetic term for the
hidden gauge field would have the wrong sign and the
theory becomes ill-defined. In this framework, the scalar
field endpoint then corresponds to the regime of validity of
the gauge theory that couples to the Higgs bilinear. For a
weakly coupled gauge sector, the endpoint |H| in Eq. (26)
can be large. However, the true cutoff ~A would be much
lower, but not easily accessible to low energy experiments.

VI. SUMMARY AND CONCLUDING REMARKS

In this work, we considered the possibility that the Higgs
potential is generated in part by nontrivial instanton
dynamics from a new sector, leading to electroweak
symmetry breaking. This sector may be unrelated to gauge
sector of the SM. In this scenario, the Higgs is a
fundamental field, however its background value contrib-
utes to the strength of the new confining gauge theory. We
found that a feasible path to testing this scenario is through
precision measurements of the Higgs boson self coupling at
future colliders. Access to the composite states of the new
gauge sector seems unlikely in the basic model we have
proposed here. The confinement phase transition in the new
sector is expected to be first order, which can lead to
potentially detectable gravitational waves at future observa-
tories. In general, there are no severe cosmological con-
straints on our proposed setup. We also made connections
with the physics of field space endpoints, in the context of
the general effective interactions we have introduced.
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APPENDIX: ALTERNATIVE
CP VIOLATING SETUP

Here, we will examine a scenario where the Higgs
potential is entirely generated by CP conserving and
CP-violating dimension-6 operators. Thus, in addition to
the interaction in Eq. (1), we will also consider the
following operator:

;
%Gﬁyéa’“’, (A1)
where G denotes the dual field strength tensor, and M’ is
anew EFT scale. The above interaction is CP violating and
can be generated if there are complex phases in the UV
theory. Once (H) # 0, Eq. (A1) contributes to an effective
“0 angle” in the low-energy theory. On general grounds, the
Higgs potential generated by the dimension-6 operators is
of the form,

H'H

V(H) = uée_g”z% cos (9 + —) , (A2)

M/2

where @ is the CP violating parameter of the hidden SU(N)
gauge theory.

One can straightforwardly show that the extrema of the
above potential are obtained from the equation

v? 87 M"”?
tan <«9+> = ——.

2M/2 M2 (A3)

In the following, we will consider a few special cases,
assuming a positive coefficient for the operator (Al):

(i) @ =0 and M = M’: In this simplest case, Eq. (A3)
yields v? ~ zM?. Since the validity of the EFT
implies v < M, M’, we do not consider this case
as a viable option in our scenario. We will thus
assume that the EFT is a good representation of the
new physics and v << M’, which suggests that the
contribution of v?/(2M") to the tangent in Eq. (A3)
is small.

(i1) @ # 0: To have a valid EFT description, we need to
require v?/(2M"*) < 1. Since the right-hand side of
equation (A3) is always negative, this means that

~ /2, independent of the two mass scales. For
every sufficiently high-mass scale M’, we can then
determine the amount that @ can deviate from z/2
such that 6 + v*/(2M") = /2. Solving Eq. (A3)
then gives the corresponding mass scale M. Note that
requiring that the VEV sits at the minimum of the
potential excludes other solutions. In the simplest
realization of this case we choose € = z/2 and
M’ = M. The model then has only two free param-
eters, M and p, and we can determine their values by
requiring that the VEV and the Higgs mass agree
with their experimentally observed values. Hence we
find M ~ 1547 GeV and py ~ 475 GeV. With these
values the predictions for the cubic and quartic Higgs
self-couplings are A3 ~—0.043 and 14 =~ —0.097,
respectively, which is still within the current exper-
imental uncertainty.

We hence conclude that in the scenario considered in this
appendix, the hidden instantons can generate a potential for
the Higgs if the UV model possesses unsuppressed CP
violation manifested in a maximal f-angle.
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