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Existing models of dynamical electroweak symmetry breaking (EWSB) find it very difficult to get a Higgs
of mass lighter than m,. Consequently, in light of the LHC discovery of the ~125 GeV Higgs, such models
face a significant obstacle. Moreover, with three generations those models have a superheavy cutoff around
10'7 GeV, requiring a significant fine-tuning. To overcome these twin difficulties, we propose a hybrid
framework for EWSB, in which the Higgs mechanism is combined with a Nambu-Jona-Lasinio mechanism.
The model introduces a strongly coupled doublet of heavy quarks with a mass around 500 GeV, which forms
a condensate at a compositeness scale A about a few TeV, and an additional unconstrained scalar doublet
which behaves as a “fundamental” doublet at A. This “fundamental”-like doublet has a vanishing quartic
term at A and is, therefore, not the SM doublet, but should rather be viewed as a pseudo-Goldstone boson of
the underlying strong dynamics. This setup is matched at the compositeness scale A to a tightly constrained
hybrid two Higgs doublet model, where both the composite and unconstrained scalars participate in EWSB.
This allows us to get a good candidate for the recently observed 125 GeV scalar which has properties very
similar to the Standard Model Higgs. The heavier (mostly composite) CP-even scalar has a mass around
500 GeV, while the pseudoscalar and the charged Higgs particles have masses in the range 200-300 GeV.
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I. INTRODUCTION

With the recent LHC discovery of the 125 GeV scalar
particle [1], we are one step closer to understanding the
mechanism of EWSB. The Standard Model (SM) Higgs
mechanism lacks a fundamental explanation and has,
therefore, been long questioned. Indeed, inspired from
our experience with QCD, it has been speculated that
the scalar responsible for EWSB may not be fundamental
but, instead, some form of a fermion-antifermion bound
state, which is generated dynamically by some new strong
interaction at a higher scale [2].

The “conventional” models for this scenario are based on
the Nambu-Jona-Lassinio (NJL) mechanism [3], in which
Dynamical EWSB (DEWSB) is triggered by the conden-
sation of heavy fermions. However, such models have one
major caveat: the typical mass of the heavy fermionic
condensate, H ~ (UW), tends to lie in the range my <
my < 2my (see e.g., [4]). Thus, such a composite tends to
be too heavy to account for the recently discovered
125 GeV Higgs-like particle'. Because of this difficulty,
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One possible way out, which we will not consider here, is that
the lightest scalar state is the pseudoscalar associated with
DEWSB (see e.g., [5]), since its mass does not receive large
corrections from loops of the heavy fermions and thus can, in
principle, be held small without fine-tuning.
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in this paper we propose an alternative solution for the Te V-
scale DEWSB scenario, in which a light SM-like Higgs
with a mass of O(my,) emerges. We basically construct, as
we will elaborate later, a hybrid DEWSB setup by adding
an unconstrained scalar field at the compositeness scale,
which behaves essentially like a “fundamental” field.

Indeed, one of the early attempts in this direction
investigated the possibility of using the top quark as the
agent of DEWSB via top condensation [4], in a generali-
zation of the NJL model. However, the resulting dynamical
top mass turns out to be appreciably heavier than m,, thus
making it difficult for top condensation to provide a viable
picture. Moreover, top-condensate models [or NJL models
where the condensing fermions have masses of O(m,)],
require the cutoff for the new strong interactions to be many
orders of magnitudes larger than m,, i.e., of O(10'7) GeV,
resulting in a severely fine-tuned picture of DEWSB.

In passing, we should mention that several interesting
generalizations of the top-condensate model of [4], which
potentially avoid these obstacles, have been suggested. For
example, one can relax the requirement that only the top
condensate is responsible for the full EWSB [6,7], or
assume that condensations of new heavier quarks and/or
leptons drive EWSB [8—12]. In such scenarios the resulting
low-energy (i.e., EW scale) effective theory may contain
more than a single composite Higgs doublet [5,7,9-13].
Indeed, low-energy multi-Higgs models, with new heavy
fermions with masses of O(500 GeV), are natural out-
comes of a TeV-scale DEWSB scenario, since the heavy
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fermions are expected to be strongly coupled at the near by
TeV scale and to lead to the formation of several con-
densates—possibly with sub-TeV masses.

In this paper, as alluded to above, we take another
direction constructing a hybrid DEWSB setup by adding an
unconstrained scalar field at the compositeness scale which
behaves as a “fundamental” field where additional super-
critical attractive four-Fermi operators form a composite
scalar sector. The “fundamental” scalar is unconstrained at
the compositeness scale and may result from the underlying
strong dynamics [6], e.g., it can be the pseudo-Goldstone
boson of a global symmetry breaking at the strong
interaction scale. This strongly coupled composite-plus-
fundamental sectors are matched at the compositeness scale
to a hybrid “fourth generation” 2HDM (h4G2HDM), with
one fundamental-like field (®,) which couples to the SM’s
light fermions and one auxiliary (composite) field (®,,)
which couples to the heavy quarksz. The fundamental or
unconstrained Higgs field is thus responsible for the mass
generation of the lighter SM fermions and for the observed
CKM flavor pattern.

We stress that the name “fourth generation” is used here
for convenience only and should not be confused with the
minimal SM4 framework, as we explicitly involve a
2HDM. Furthermore, the DEWSB mechanism proposed
here can be generalized to the case of nonsequential heavy
quarks, e.g., new heavy vectorlike quarks [15] (see further
discussion in the summary). Later in this paper, we will
briefly explore the phenomenology and study the con-
frontation of this model with the latest LHC data as well as
flavor and EW precision constraints.

Our h4G2HDM setup is motivated by the concept that
new heavy fermions are expected to have purely dynamical
masses, while a different mechanism is expected to underly
the generation of mass for the lighter SM fermions. It
further allows us to get a light 125 GeV SM-like Higgs,
since its mass is mostly proportional to the quartic coupling
of the fundamental field, which is unconstrained at the
compositeness scale. That is, with this assignment, in our
h4G2HDM the mass of the lightest CP-even Higgs state
does not receive the usual large quantum corrections from
loops of the heavy dynamical fermions, which instead feed
into the quartic coupling of the composite scalar.

It should be noted that the simplest low-energy effective
setup which may result from a TeV-scale DEWSB scenario
is the so called SM4, i.e., the SM with a fourth sequential
generation of heavy fermions and one Higgs doublet. This
minimal framework has, however, several drawbacks [16]
and, more importantly, it fails to account for the existence
of the recently discovered 125 GeV Higgs-like particle

?Other interesting hybrid multi-Higgs model were suggested in
[12,14]. In particular, in [12] the condensates which drive
DEWSB are formed by exchanges of the fundamental Higgs,
while in [14] a hybrid setup similar to ours was constructed in the
top-condensation scenario.
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[17]. On the other hand, a fourth-generation framework
with two (or more) Higgs doublets, such as the h4G2ZHDM
discussed here, where the new heavy quarks have masses of
O(500 GeV), is not only consistent with the current Higgs
data3, but it can also have specific flavor structures, which
may give rise to new signatures of fourth-generation quarks
at the LHC [16,18], and substantially relax the current
bounds on their masses [19]. Moreover, the lightest Higgs
state in these class of models may be a good candidate for
the recently discovered 125 GeV Higgs-like particle [20].

II. DYNAMICAL EW SYMMETRY
BREAKING WITH HEAVY FERMIONS:
A HYBRID SETUP

We assume that the fourth-generation quarks are charged
under some new strong interaction that dynamically breaks
EW symmetry (see e.g., the “top-color’” models of [6,22]).
The theory at the compositeness scale, A, can then be
parametrized by adding to the light SM degrees of freedom
the following set of strongly coupled four-Fermi terms:

L = Lsm(N) + Gy Q) 131x Q) + Gy Q) bpb Q)
+ GI/bI(Q/Lb;e;%lTZQZ + H.C.), (1)

where Q) = (7,b})" and Lgy(A) stands for the bare SM
Lagrangian with a single fundamental Higgs field, ®,,
which essentially parametrizes our ignorance as for the
origin of mass for the lighter fermions. It is given by

Lsu(A) = [D, Qs> + Ly (A) = Vsm(A),
Lyu(A) = gg'ijQi‘i)fM{e + gg’i'iQ2®fd§; +H.c.,

1
Vsm(A) = (u0)?®@L0, + 5/1(}(@;@5)27 )

where & = it,®*, i, j = 1 — 3 and we use the superscript 0
to denote bare couplings at the scale A.

We can reproduce the theory defined by Eq. (1) by
introducing at A an auxiliary Higgs doublet, ®,, which
couples only to the fourth-generation quarks as follows:

Ly(A) = ¢%(0, @by + He.) + ¢%(0) &)ty + Hec.)
= (H3) ;P 3)

For simplicity we did not write above the Yukawa terms
for the light and for the fourth-generation leptons. In
particular, our results are not sensitive to the choice by
which the fourth-generation leptons couple to the Higgs
sector; they can either couple to the fundamental Higgs or
to the auxiliary field. In either case, we assume that their

*For discussions on the phenomenology of multi-Higgs fourth-
generation models, see e.g., [13,16,18-21].
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couplings are sub-critical and, therefore, do not play any
role in DEWSB (see also discussion below).

The scalar sector of the full theory at the compositeness
scale is, therefore, described by:

L(A) = Lom(A) + Ly (A) + (1),)*(2,®, + He), (@)

where we have added a ®, — ®, mixing term (o u),)?,
which may arise e.g., from QCD-like instanton effects
associated with the underlying strong dynamics (see e.g.,
[6,23]) or from sub-critical couplings of the fundamental
Higgs to the fourth-generation quarks (see below). This
term explicitly breaks the U(1) Peccei-Quinn (PQ) sym-
metry [24], which is otherwise possessed by the model,
thus avoiding the presence of a massless pseudoscalar in
the spectrum. Note that, in any realistic scenario we expect
Une (i~ my) ~O(my) and, since this is the only term
which breaks the PQ symmetry, it evolves only logarithmi-
cally under the renormalization group equations (RGE) so
that, at the compositeness scale, we also have ygfz
tpe(u~A) ~O(my). Therefore, since yg/f = Up)p¥
(u~A)~O(A),  we (Hhe)?/ (ui)? ~ O(miy /
A) <.

When the auxiliary (composite) field is integrated out at
A, we recover the Lagrangian defined by Eq. (1), with

expect

P O S 7./ S
(p)? (p)? (Hp)?

plus additional interaction terms between the light Higgs
and the new heavy quarks with Yukawa couplings

of 0(%'92/”); since at A we have (u0,)%/(u0)* ~

O(m?%,/A?) < 1, such residual ®,3'q’ terms are expected
to be small and will, therefore, not participate in EWSB.

Thus, from the point of view of DEWSB, the hybrid
2HDM defined at A, i.e., with one fundamental and one
auxiliary/composite scalar fields, is exactly equivalent to
the theory defined in Eq. (1) with the strong four-Fermi
interactions of the fourth-generation quarks. The auxiliary
field, ®,, is, therefore, viewed as a composite of the form
D), ~ g5 (O (i) 1)) + gy (O} b), which is responsible for
EWSB and for the dynamical mass generation of the heavy
quarks. At low energies the field ®;, acquires a kinetic term
as well as self interactions and the theory behaves as a
2HDM with a structure similar to the 4G2HDM proposed
in [16], i.e., one Higgs field (®;) couples only to the heavy
fourth-generation quarks and the second Higgs field (®,)
couples to the SM quarks of the first through third
generations. The mass terms u;, p, receive quantum
corrections, resulting in EW-scale VEVs for @, and for
®, which break the EW symmetry.

The resulting low-energy h4G2HDM scalar potential can
be written as
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Vihaconom (@, @) = ,uf@}@f + ﬂ%‘I’Z%

. 1 —;-
— ﬂ%lf(q)—’h(pf + HC) + Eﬂf((bbpq)f)z

1 .
+ Eih(‘pzq’h)z + 13 (D) D)) (PLD,)

+ 24 (D)D) (DLDy). (6)

where all the above mass terms and quartic couplings run as
a function of the energy scale y, as dictated by the RGE for
this model®. The stability condition for the above potential
reads A4, 4;, > 0 and \/A,4;, > —13 — 4. Also, we apply the
compositeness boundary conditions at the scale A to the
strong fourth-generation Yukawa couplings that generate
the four-Fermi terms and to the quartic couplings involving
the auxiliary field ®,:

gq’(A) =00, Apza(A) = oo,

N/gh(N) = 0. Zsa(N/G(A) =0, (D)

where ¢’ =7, b’. Equation (7) reflects the fact that the
h4G2HDM is matched at A to the theory defined by Eq. (1),
with the strongly coupled four-Fermi factors derived in
Eq. (5). On the other hand, the quartic coupling of the
fundamental Higgs is unconstrained at A, so that we have

Ao = A) — ﬂ(fo), where /1;0) is a free parameter of the
model.

The boundary conditions for p;, u, and u;, are not
required for our analysis, since we are only interested in
their values at the EW scale, which are fixed by the
minimization conditions of the scalar-potential. In particu-
lar, at the minimum of the potential (i.e., at the EW scale)
we can express u;, and u, in terms of py,,

tan =15 = v),/vs, v =1/} + v2 and the quartic cou-
plings 4;, 4, (neglecting A3 and 14, see below),

=t/ ts — V> C3Ar /2, Wi = Uiy — V2S520/ 2, (8)
where sz, ¢y =sin 8, cos f and it is understood that

the quartic couplings are evaluated at u~ v, ie., 4, =
In(p~wv) and Ay = As(p ~ v).

III. RESULTS AND DISCUSSION

Solving the RGE of the h4G2HDM with the compos-
iteness boundary conditions in Eq. (7), we find that
dl34/du is proportional only to the (small) gauge cou-
plings, so that A3(v), 44(v) < A,(v), 4,(v) and can there-
fore be neglected. Also, in our h4G2HDM, the RGE for 4,
and for the top-quark Yukawa coupling g, are similar to the

“The most general 2HDM potential also includes the quartic
couplings 4s ¢ 7 [25], which, in our h4G2HDM, are absent at any
scale.
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SM RGE for these couplings. As for the RGE for 4,, and for
the Yukawa couplings of the fourth-generation quarks
g4 (1), we can obtain a viable approximate analytic solution
by neglecting the contributions from the running of the
gauge couplings and the Yukawa couplings of all light
fermions, as well as the Yukawa couplings of the fourth-
generation leptons. In particular, taking for simplicity
9y = gy = g, the dominant (approximate) RGE in our
h4G2HDM are given by

Dy, ~ 643 ©)

Dy = 42,32, + 642) — 2445, (10)

where D = 167°u %. With the compositeness boundary

conditions of Eq. (7), the above RGEs have a simple
analytic solution:

472 47>

— =—. 11
3l h(ﬂ) 3ll’lA ( )
JZ JZ

gq(H) =

Thus, using m, = v,9,(u = my)/V2, we can obtain
the cutoff A as a function of mg and tg,

(12)
2
3mq/

Army -exp(

In particular, for m, = 400-600 GeV and t; ~ O(1), for
which our low-energy h4G2HDM successfully accounts
for the recently discovered 125 GeV Higgs-like particle
(see below), we find that A ~ 1-1.5 TeV. Remarkably this
is some fourteen orders of magnitudes smaller than the
cutoff which emerges from a top-condensate scenario:
A~m,- exp(%ﬁr}z) ~ 10" GeV, i.e., obtained by solving
the SM-like RGE for g,: Dg, ~ 5 g;. Thus, introduction of a
heavy quark doublet significantly alleviates the inherent
fine-tuning (i.e., hierarchy) problem that afflicts the
DEWSB models where the condensing fermions have
masses <200 GeV°.

The physical scalar masses are m5 = m?,. = ut,/sz/cp

and mj ,; = (mi 4+ mj :F\/(m% —m3)? + 4u},)/2, where
[see also Eq. (8)]

m? =y’ + 3s/2,112/1h/2 = tﬁ,u%,f + s/2,112/1h, (13)
m3 = %+ 3c202/2/1f = ut,/ts + 621]2/1% (14)
and a Higgs mixing angle,

>For an interesting recent DEWSB model with three gener-
ations and A ~ 10'7-10'8 GeV, see [7].
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FIG. 1 (color online). m; as a function of A,(A), for
tan f = 0.7, my =400 GeV and two representative values of
my. The approximate analytic solutions are shown by solid lines
and exact results (obtained from a full RGE analysis, see text)
without errors by the dashed lines.

tan 2a = (cot 28 — v* (s34, — cjAe)/2/up,) ", (15)

defined by i = cos a - Re(®%) —sin a - Re(P)) and H =
cos a - Re(®Y) + sin a - Re(PY).

Now, since the physical Higgs masses are sensitive to the
energy scale at which the quartic couplings 1, and 1, are
evaluated and since we do not apply the Higgs threshold
corrections when solving the RGE, we need to estimate the
errors on my,(u ~ my) and on my(u ~ my). We do so by
computing the difference between the masses obtained with
Anji(p =100 GeV) and with 4;,,(u = 400 GeV). We then
find that the typical error is of O(£10%) for m,, and of
O(£20%) for my.

As inputs we use m, (recall that y;,, =  /55Cmy), tan f,
v = 246 GeV, m, [which sets the value of A, see Eq. (12)]
and A,(u ~ A), while 4, (u) and g, (u) are calculated from
Eq. (11). In Fig. 1 we show the typical dependence of m;,
on A,(A), for m, =400 GeV and for some representative
values of tan f and m,. We see that m; decreases with
A7(A), so that the minimal m,, is obtained for 1,(A) =0,
i.e., at the boundary below which the vacuum becomes
unstable. Note that, for 1,(A) = 0, we find A,(my) ~
O(0.1) and, in particular, A, (my) > A,(my /). Thus, with
As(A) = 0 and tan g ~ O(1), we obtain m;, ~ m,/~/2 and
mpy ~ vy/A,/2. It is also interesting to note that 1,(A) — 0
at the compositeness scale, raises the possibility that the
“fundamental” scalar is a pseudo-Goldstone of some global
symmetry breaking in the underlying strongly interacting
theory, as in this case one expects a zero potential for ®, at
tree-level with small loop corrections at energies below A.

In Fig. 2 we plot the minimal values of the lightest Higgs
mass m;, (i.e., the solutions obtained with A,(A) = 0), as a
function of tan f, for m; = 400 GeV and m, = 130, 200
and 250 GeV. We note that the dependence of our results on
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FIG. 2 (color online). The minimal value of m,, (upper plot) and
the corresponding values of the Higgs mixing angle a (lower
plot), obtained by choosing 4,(A) = 0 (see text), as a function of
tan # for m, = 180 and 250 and m, = 600 GeV. See also
caption to Fig. 1.

m, or equivalently on A(m, ), is negligible for values in
the range 400 GeV <m, <600 GeV, as long as we
choose the same boundary condition for A,(A), i.e., at
the compositeness scale.

Thus, we see that m; ~ 125 GeV is obtained in the
h4G2HDM with tan f <0.7 and m, <250 GeV. This
requires small values of 1,(A) (see Fig. 1) and a small
Higgs mixing angle between the fundamental and the
composite Higgs states of a typical size a ~ O(10°) (see
Eq. (15) and Fig. 2). In particular, the light 125 GeV Higgs
state in our model is mostly the “fundamental” field, while
the heavy CP-even Higgs is mostly a composite state. For
the heavier Higgs we find that my ~ 500 £ 100 GeV
within the phenomenologically viable range of values of
m, and tan f, which give m; ~ 125 GeV.

We also depict in Figs. 1 and 2 the “exact” results, which
are obtained from a full RGE analysis including the
Yukawa couplings of the fourth-generation leptons £/ =
(V/,7') (assuming that v/ and 7’ also couple to the auxiliary/
composite field ¢, and using m, = 200 GeV at the EW
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scale), of the top and of the bottom quarks, as well as the
gauge couplings. These agree quite well with our
approximate calculations. Indeed, the observed slight
shift from the approximate solutions is caused mainly
by “turning on” the Yukawa couplings of the fourth-
generation leptons, and is within the estimated errors. We
note, however, that the results are insensitive to the exact
value of my, so long as it is within the range
O(my) <mgp < O(my).

IV. PHENOMENOLOGY: HIGGS SIGNALS
AND CONSTRAINTS

Before concluding, let us briefly discuss the collider
phenomenology and the constraints from EW precision
data (EWPD) on our model. As mentioned earlier, at the
EW scale, our model has the same spectrum and dynamics
as the 4G2HDM of [16]. We, therefore, apply the con-
straints from EWPD using the analysis in [16,18], and we
update the fit made in [20] to the 125 GeV Higgs signals in
this model. In particular, let us define the signal strength,
which is the quantity usually being used for comparison
between the measured and calculated (in a given model)
Higgs signals

h4G2HDM(Exp) @ (pp = h— XX>h4G2HDM(Exp)

= , (16
Fxx o(pp = h = XX)gum (16)
and the individual pulls,
'uh4GZHDM _ #EXP
Individual pull (XX) :=¥*——2XX = (17)
Oxx
3
251 1
, W
151

mh=125 GeV

Individual Pulls
o
o

| | =3¢= pp —>h—>7y
=11 | === pp —>h-—>WW?*

15} | == pp—>h->7Z*

2 L L L L L L
5 6 7 8 9 10 11 12 13 14 15

o [degrees]

FIG. 3 (color online). The individual pulls as defined in
Eq. (17), in the channels pp — h - WW*, ZZ*, yy, as a function
of mixing angle a and for: tanff =1, my = my = 600 GeV,
my, = m,, = 200 GeV, mp+ > 200 GeV (see text), and optimiz-
ing with respect to &, (see text). All points are in agreement
with the EWPD.
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TABLE I. The individual pulls as defined in Eq. (17), in the
channels pp — h = WW*, ZZ*, yy, for a = 10° and 20° and for
values of tan f in the range tan f = 1 £ 0.3. The rest of the
parameters are as in Fig. 3 and all points are in agreement with the
EWPD.

Individual pulls for pp - h - WW*

tan f = 0.7 0.8 0.9 1 1.1 1.2 1.3
a=10° —-03 004 03 0.5 0.7 0.8 0.8
a=20" —-18 -1.6 —-15 —-15 —-14 —14 -15

Individual pulls for pp - h - ZZ*
tanf= 0.7 08 09 1 1.1 1.2 1.3

a=10" —-11 -07 —04 —0.2 —0.01 0.1 0.2
a=200 -28 -26 -25 24 -24 24 -25
Individual pulls for pp — h — yy
tan p= 07 038 0.9 1 1.1 1.2 1.3
a=10° 734 342 133 19 27 -24 -19
a=20° 7.1 29 -70 -67 —-6.6 —-6.8 —7.1

where for the observed ratios of cross sections, i.e., the
signal strengths ,u];&p and the corresponding errors oyy, we
use the latest results given in [26].

In Fig. 3 we plot the individual pulls in the h4G2HDM
for the three most sensitive Higgs decay channels
pp = h - WW*, ZZ*, yy, as a function of the Higgs
mixing angle a in the range applicable to the h4G2HDM
setup (see Fig. 2) and for tan f = 1. In Table I we further
list the resulting individual pulls in these three Higgs decay
channels for values of tan § around tan f =1 and for
a = 10°, 20°. The rest of our model’s parameter space is
chosen such that

1. Ttis consistent with EWPD: imposing the constraints
from the oblique parameters S and T, from Z — bb
and from B physics (b — sy and B — B mixing),
following the analysis in [16,18].

2. It is consistent with the results obtained above
for our hybrid DEWSB scenario, i.e., with
my ~ O(500) GeV, t5~O(1), my ~ O(500) GeV
and m, = 200-300 GeV (see above).

In particular, the individual pulls in Fig. 3 and Table I are
calculated for the representative value m, =m; =600GeV,
where, for each value of a and tan f, we also optimize
(i.e., minimizing the y” for all Higgs channels) with respect
to the parameter &, which, in our model, represents
the mixing between the fourth-generation and the third-
generation quarks (see also [16]). Furthermore,

(i) The individual pules are calculated for mpy+ =
200 GeV, but we have checked that they remain
almost unchanged for larger my+ values.

(i1) We assume that the Higgs is produced 100% through
the one-loop gluon-fusion mechanism.

(iii) For the calculation of the Higgs production and decay
vertices we use the latest version of Hdecay [27], with
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recent NLO contributions which also include the
heavy fourth-generation fermions, where we have
inserted all the relevant couplings of our model.

(iv) For the heavy lepton masses involved in the loops of
the decays i — yy and in the one-loop NLO correc-
tions for the cases h—ZZ*, WW*, we have
used my = m, = 200 GeV.

We see, that a good agreement with both the Higgs data
and EWPD is obtained for a~ 10° and tan f~1 (we
obtain y? ~ 5), as required for the 125 GeV hybrid Higgs
state. As can be seen from Table I, our hybrid light Higgs is
in very good agreement with the Higgs measurements in
the WW and ZZ channels also for smaller (and larger)
values of tan . On the other hand, there is a tension with
the measurement in pp — h — yy channel for tan f < 1. It
should be noted, however, that the one-loop & — yy vertex
is expected to be sensitive to nondecoupling contributions
of the new physics at the compositeness scale, which we
cannot estimate without knowing the details of the physics
at that scale. In this respect, the values of a and tan £ (and
for that matter also of the value of the compositeness scale
A) predicted by our hybrid EWSB mechanism should not
be taken at face value but rather as a guide (see also
comment in the summary).

Finally, we note that our model can also lead to
interesting new signatures of the heavy quarks, such as
the flavor changing decay ¢ — rh, which can be searched
for in the present LHC data using a specific search strategy,
see [19]. Indeed, very recently the ATLAS Collaboration
has performed a search for ¢ of an SU(2) doublet, using
selection criteria designed for the case in which 7 — th
followed by h — bb [28]. They obtained a new bound
my 2, 800 GeV, which is appreciably stronger than the
previously existing bound (see [29]). This new bound is in
tension with our DEWSB framework, since such a heavy
fourth-generation doublet, if it is chiral, will be non-
perturbative at energy scales already smaller than its mass’.
We emphasized, however, that our hybrid DEWSB frame-
work can be equally constructed with TeV-scale vectorlike
quarks [15]. In such a case, our hybrid mechanism can be
applied also with a higher compositeness scale of several
TeV, without being in conflict with perturbativity of the
vectorlike quarks Yukawa couplings. We leave these issues
for a future work.

V. SUMMARY

To summarize, we have constructed a hybrid scenario for
DEWSB, where both a fundamental-like Higgs field and a
condensate of a strongly coupled heavy quark sector
participate in EWSB. This yields a partly dynamical

“We note, however, that the recent search performed by
ATLAS in [28] assumes ¢’ — th followed by h — bb, while in
our low-energy h4G2HDM, h — gg might be the dominant
decay, see [20].
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EWSB setup, and the resulting low-energy theory is a
hybrid 2HDM with another family of heavy fermions. In
particular, in this model one Higgs (mostly fundamental)
couples only to the light SM fermions while the second
Higgs (mostly composite) couples only to the heavy
(dynamical) new fermions. The proposed DEWSB frame-
work results in a compositeness scale A ~TeV and a
phenomenologically viable low-energy setup, which
closely resembles the recently proposed model of [16]
and, as we show, is consistent with current EW precision
and flavor data. In particular, in spite of the heaviness of the
dynamical quarks, m, ~O(500) GeV, and the resulting
low TeV-scale threshold for the strong dynamics, a viable
Higgs candidate is obtained, which has a mass m;, ~
125 GeV and properties very similar to the SM Higgs,
when tan f~ O(1), my ~ my+ ~200-300 GeV and my~
O(500) GeV. Indeed, we perform a fit to the recently
measured 125 GeV Higgs signals, also imposing the
constraints from precision EW data, and demonstrate the
consistency of our model with all current collider
phenomenology.

We emphasize that the purpose of this work is to present
a mechanism that addresses the low-energy outcome of a
possible TeV-scale strong sector and not to discuss the
details of the strongly interacting theory. Indeed, we show

PHYSICAL REVIEW D 89, 035012 (2014)

that this mechanism (the hybrid structure of DEWSB) is
very predictive without knowing the details of the physics
at the cutoff scale. In this respect, the exact values obtained
for the free parameters of the model, i.e., for my4, tan f and
A, have no deep meaning, but should rather be interpreted
as a guide. For example, the exact position of a Landau pole
cannot be taken at face value, since the threshold effects are
unknown without knowing the details of the UV comple-
tion of the model. In particular, the expression we get for A
in Eq. (12) is an estimate from the RGE of the model and it
is valid only in the range where the RGE are valid and can
be used in a perturbative manner. Clearly, this is not the
case as one approaches the compositeness scale. For that
reason it is fair to say that A ~ 1 TeV should rather be
viewed as A~ few TeV. Similarly, tan f ~ 0.7 should be
interpreted as tan f ~ O(1) and the value we get for the
Higgs mixing angle, i.e., @ ~ O(10°), should be taken as
a guide.
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