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1. Introduction

After the discovery of a Higgs like state at the mass of 125 GeV at the Large Hadron Collider
(LHC) in July 2012 [1, 2], understanding the origin of Electro-Weak Symmetry Breaking (EWSB)
is one of the primary tasks in particle physics. EWSB in Beyond the Standard Models (BSM)
scenarios can occur in two ways: through a weakly interacting model (with elementary Higgs
bosons) or a strongly interacting one (with composite Higgs bosons). A composite Higgs state
arising as a pseudo Nambu-Goldstone Boson (pNGB), from a new dynamics at the compositeness
scale f, can lead to EWSB, as a result of couplings of the Higgs sector to the SM. Therefore a
remarkable way to generate new light (pseudo)scalars in the spectrum is to make them also pNGBs.
We study here a Composite 2-Higgs Doublet Model (C2ZHDM) [3], wherein two Higgs fields, ®;
and ®,, eventually inducing a SM-like Higgs state (%), a CP-even field (H), a CP-odd one (A) and
a charged pair (H*), are introduced.

Perturbative unitarity bounds of a C2ZHDM based on SO(6) — SO(4) x SO(2) coset structure
will be reported upon by using perturbative unitarity to cover all energies accessible at the LHC.
The pNGB nature of the Higgses results in a modification of their couplings to matter with respect
to the E2ZHDM (Elementary 2HDM) case and, consequently, the scattering amplitudes are left with
a non-vanishing s-dependence. Here we will not present the Higgs potential generated by radiative
corrections. Instead, we will assume for it the same structure as in the E2ZHDM, see our work in
Ref. [4]. Moreover, in [5], we have studied LHC phenomenology of different Yukawa types of a
C2HDM. Herein, the theoretical and experimental constraints on the parameter space of C2HDMs
and E2HDMs showed differences and the latter will guide us in the phenomenological study of a
C2HDM versus a E2ZHDM.

This report is organized as follows. In Section II the C2HDM based on SO(6)/SO(4) x SO(2)
will be discussed. In section III, unitarity bounds will be discussed. In section IV, the LHC phe-
nomenology of C2HDMs is presented while conclusions are given in section V.

2. Effective Lagrangian in the C2ZHDM

2.1 Kinetic Lagrangian and Gauge Couplings

In general, once the coset space has been chosen, the low-energy Lagrangian is fixed at the
two-derivative level, the basic ingredient being the pNGB matrix which transforms non-linearly
under the global group.

The kinetic Lagrangian invariant under the SO(6) symmetry can be constructed by the ana-
logue of the construction in non-linear sigma models developed in [6], as

f2

Lin = Z(dg)u(dg)“, with (d2), = itr(U'D,UTE), where a=1,2. a=1,4.  (2.1)

Here U is the pNGB matrix:
- O4ca h9 HS
U = exp (if) , with = V213 = —i| —n? 0 0 |. (2.2)
—h$ 00
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In Eq. (2.1), the covariant derivative Dy, is given by

Dy = 0y —igT{'Wy —ig'YBy, where T4, T and Y are SO(6) generators. (2.3)
Some coefficients of the ®VV and @DV (V = W+, Z) couplings are given by
hWTW™ = gmy (1 — g)cos 0, HW W™ = —gmy(1— i)sin 0, (2.4)
H 'HW, = :Fig(l - éé)cos 6, H o"hW, = m’g(l - §§g’) sin @, (2.5)
2 6 2 6
AdMhZ, = —%(1 — %é) sin@, where & = v,/ (6 is the mixing angle between CP-even states).
(2.6)

2.2 Yukawa Lagrangian

The low-energy (below the scale f) Yukawa Lagrangian is constructed by determining the
embedding scheme of the SM fermions into SO(6) multiplets. This embedding can be explained
via the mechanism based on the partial compositeness hypothesis [7] by mixing elementary SM
fermions with composite fermions in the invariant form under the SM SU (2), x U(1)y gauge sym-
metry. The Yukawa Lagrangian is then given in terms of the 15-plet of pNGB fields X and the
6-plet of fermions defined as [5]

Ly = [ 0% (a2 — b, X2 Ug + 0% (ag — byX?)Dr + L (a2 — b.IH)Eg| +he.  (2.7)

We derive our Yukawa Lagrangian up to the squared power of ¥, since the terms with the cubic and
more than cubic power of X do not generate any extra distinct contribution to it. After the Yukawa
Lagrangian is described in terms of the complex doublet Higgs fields ®; and &, Flavor Changing
Neutral Currents (FCNCs) occur in C2HDMs, as seen already in E2ZHDMs. In order to prevent
FCNCs, we implement a C; symmetry transformation [3] as follows:

Url nd) — CU(rl, 78)C, = U (nf, —7f), (2.8)
where
C, =diag(1,1,1,1,1,—1). (2.9
and then interaction Lagrangian becomes:

L= ¥ LF(Xph+ X H =2l %A ) f

f=ud,e VSM
2 _ _ 2
+ im/m,(mdxg* Pr—mX2P)dH" + V2 vm X, PreH" +h.c. (2.10)
VSM VSM

The definition of §j, 5 4 and &, i 4 are given by (at the first order in &):

&= (1—3&3) co+sgcotf, &, = (1—3) co —Sgtanf3, (2.11)
CH:—<1—§§>S9—|—C9COtﬁ, §H:—<1—§)se—cetan[3, (2.12)
L= <1+§)cot[3, gA:—<1—§> tan 3. (2.13)
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Type-l | — — — [ 0,) 0,) O) | & & & | S i Cu |l G G
Type-ll | — + 4+ || 0,v) (00 (0) || & & & | & Su Su |8 S &a
TypeX || = = + [ 0,) 0.) (0 [ & & S| Cn Cu &u |G & &
Type-Y || — + =] 0) (.0 O) ([ & & & | Cn Sn Cu| & & &

Table 1: Charge assignment for right-handed fermions under the C; symmetry in C2ZHDMs. All the left-
handed fermions Q%, Q¢ and L, are transformed as even under C,.

In the limit of & — 0, these coefficients get the same form as the corresponding ones in a softly-
broken (by a mass term M) Z, symmetric version of the E2ZHDM [8]. See Tab. 1 for the available
Yukawa types of a 2HDM.

3. Unitarity Bounds

In order to calculate the bounds from perturbative unitarity in our C2ZHDMs, all possible 2-to-
2-body bosonic elastic scatterings are considered. Our conclusive results have been presented in
[4]. We use the same method as the elementary models such as the SM [9] and E2ZHDM [10, 11,
12, 13, 14] to find such unitarity bounds. For example, we implement the following condition [15]
for each eigenvalue of the S-wave amplitude matrix:

[Re(x;)| < 1/2. (3.1)

The most important difference between the unitarity bounds in a E2ZHDM and a C2HDM is the
presence of a squared energy dependence in the S-wave amplitude of the latter, since in C2ZHDMs
the Higgs-Gauge-Gauge couplings is modified from that in E2HDMs by the factor (1 — &). The
energy dependence of the S-wave amplitudes cause unitarity violation and asks for an Ultra-Violet
(UV) completion of the C2ZHDM. However, we stay in the energy region where C2ZHDMs and
E2HDMs are both unitarity in order to compare the bounds on the mass of the extra Higgs bosons.
In Fig.1, one of the main result is that there is an upper limit on /s for the no-mixing cos 6 = 1
case, while there is an upper limit on both /s and mg for non-zero mixing cos 8 = 0.99 case.

4. LHC phenomenology

We first study the constraints on the parameter space of C2ZHDMs from searches for extra
Higgs bosons at collider experiments and significant differences among the various Yukawa types
are reported for the different values of & = 0.1, 0.07, 0.04 and O (which is E2ZHDM case) [5].
We then investigate, over the accessible regions of parameter space, the deviations of the SM-like
Higgs (h) couplings from the SM values. The scaling factors Ky for the AXX couplings are given
by ky = ghvy/grvy and, in the C2HDM, these are given at the tree level by

Ky = <1—§> Co (V:W,Z), K'f:X}}cl:Ch or éh (f:u,d,e). (4.1)
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Figure 1: Constraints from unitarity and vacuum stability in the case of tan8 = 1 and m,,.. = m, for several
fixed values of f. my =m, for the solid curves, my = m, £=500 GeV for the dashed curves. For all the plots,
M is scanned. f — oo is E2ZHDM case.

In C2HDMs non-zero values of both § and 6 can give ky # 1, while in E2HDMs only that of 6
can give Ky # 1. This can lead to deviations from the alignment limit obtained very differently
in the two scenarios considered (e.g., it is seen that even for 8 = 0, i.e., no mixing between the
CP-even Higgs bosons /& and H, the AVV couplings of C2HDMs deviate from the SM values),
yielding totally different phenomenology, both in production and decay of the heavy H, A and H*
states. For example, Ak, = —2% is obtained by (§,0) = (0.04,0) and (0,0.2) in a C2HDM and
E2HDM, respectively. As a result, we can distinguish the two scenarios from the decay Branching
Ratios (BRs) of the extra Higgs bosons for a given value of Aky, = ki — 1. Therefore, measurement
of a non-zero value of Ak;, at the LHC would give an indirect evidence for a non-minimal Higgs
sector and, by focusing on the same value of Ak, we could find that the dominant decay modes of
the extra Higgs bosons H, A and H* in C2HDMs are different from the E2HDM ones. Similarly,
the production cross sections of in C2ZHDMs and E2HDMs, with the same value of Ak, would
show significant differences between the elementary and composite cases. Finally, deviations in
AK, could guide us in distinguishing amongst the possible types of Yukawa interactions.

As illustrative of this situation, we present Fig. 2, wherein one can see that, in the upper panels
(referring to the E2ZHDM), H + 5 W*hor H* — tb are dominant for most cases, while, in the lower
panels (referring to the C2ZHDM), only H* — tb is dominant. In fact, in the high mass region of
the upper panels, H* — W*h becomes the most dominant decay mode, while in the lower panels
H* — th is the dominant mode in the whole mass region.

5. Conclusions

To conclude, we have discovered significant differences on the allowed parameter space of
C2HDMs and E2HDM s from perturbative unitarity at the possible energies of the LHC. In addition,
possibilities of distinguishing the two sets of scenarios exist herein even if deviations from SM
couplings of the SM-like Higgs state are identical in the two cases.
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Figure 2: BRs of H* as a function of mg(= my = m, = my=) with tanf8 = 3(10) for solid (dashed)
curves and M = myg, in the four types of Yukawa interaction. The upper and lower panels show the case for
(sg,&) = (—0.2,0) (E2HDM) and (sg,&) = (0,0.04) (C2HDM), respectively. Here, Aky = —2%.
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