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Perturbative unitarity bounds in composite two-Higgs doublet models
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We study bounds from perturbative unitarity in a composite two-Higgs doublet model (C2HDM) based
on the spontaneous breakdown of a global symmetry SO(6) — SO(4) x SO(2) at the compositeness scale
f- The eight pseudo-Nambu-Goldstone bosons (pNGBs) emerging from such a dynamics are identified as
two isospin doublet Higgs fields. We calculate the S-wave amplitude for all possible two-to-two-body
elastic (pseudo)scalar boson scatterings at energy scales /s reachable at the Large Hadron Collider (LHC)
and beyond it, including the longitudinal components of weak gauge boson states as the corresponding
pNGB states. In our calculation, the Higgs potential is assumed to have the same form as that in the
elementary two-Higgs doublet model (E2HDM) with a discrete Z, symmetry, which is expected to be
generated at the one-loop level via the Coleman-Weinberg mechanism. We find that the S-wave amplitude
matrix can be block-diagonalized with maximally 2 x 2 submatrices in a way similar to the E2ZHDM case as
long as we only keep the contributions from O(&s) and O(£%s°) in the amplitudes, where & = v,/ f? and
vgm = 246 GeV, which is an appropriate approximation for our analysis. By requiring the C2ZHDM to
satisfy perturbative unitarity at energies reachable by the LHC, we derive bounds on its parameters such as
& and the masses of extra Higgs bosons present in the scenario alongside the Standard Model-like Higgs

state discovered in 2012.
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I. INTRODUCTION

The search for additional Higgses, after the one dis-
covered so far [1,2] and the possible evidence of a new
(pseudo)scalar state with mass around 750 GeV [3], is one
of the most important tasks of Run 2 of the Large Hadron
Collider (LHC). It is widely known that extra spinless states
with or without Standard Model (SM) quantum numbers
can induce sizable tree-level effects in the couplings of the
discovered state, which have been under close scrutiny for
three years now. It is also true that direct searches for new
Higgs states, as shown by the aforementioned recent
preliminary results, could have a dramatic impact on
LHC activities. These two facts seem already remarkable
motivations to study the phenomenology of extra Higgses
at the present CERN machine.

Despite the obvious far-reaching consequences of a
discovery of even a single additional scalar, the presence
of another Higgs would not by itself be evidence for the
naturalness of the weak scale: such a defining situation
would still depend upon the whole subject. Just like for the
case of a single Higgs doublet, for which the hierarchy
problem can be explained by its pseudo-Nambu-Goldstone
boson (pNGB) nature, we would like to link the presence of
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extra Higgs particles to natural theories of the Fermi scale.
In particular, we have in mind composite Higgs models,
where the mass of the lightest Higgs state is kept naturally
lighter than a new strong scale around ~TeV by an
approximate global symmetry [4], broken by SM inter-
actions in the partial compositeness paradigm [5,6].

In the minimal composite Higgs model [7,8], the only
light scalar in the spectrum is a pNGB, surrounded by
spanned composite resonances roughly heavier by a loop
factor. The underlying symmetries protect the Higgs mass
from quantum corrections, thus giving a simple solution to
the hierarchy problem. The only robust way to expect new
light (pseudo)scalars in the spectrum is to make them also
pNGBs. Even in the case that they are not expected to be as
light as the SM Higgs, it is interesting to find a mechanism
for describing all the Higgses as pNGBs and to explain
their mass differences. Last, but not least for importance, in
the case of extra Higgs doublets with no vacuum expect-
ation value (VEV) nor couplings to quark and leptons, one
could also have the possibility to describe neutral light
states as possible composite dark matter candidates [9].

In this paper we aim at identifying among the lightest
scalars at least two Higgs doublets as this would lead to a
composite two-Higgs doublet model (C2HDM) [10]. The
latter represents the simplest natural two-Higgs doublet
alternative to supersymmetry. The composite Higgses
arising from a new dynamics at the TeV scale ultimately
drive the electroweak (EW) symmetry breaking. To include
them as pNGBs, one has basically two different and
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complementary approaches: (i) to write down an effective
Lagrangian (e.g., a la strongly interacting light Higgs [11])
invariant under SM symmetries for light composite SU(2)
Higgses; (ii) to explicitly impose a specific symmetry-
breaking structure containing multiple pNGBs. We take
here the second approach. In particular, we will study in
detail models based on the spontaneous global symmetry
breaking of SO(6) — SO(4) x SO(2) [10]. We will focus
on their predictions for the structure of the (pseudo)scalar
spectrum and the deviations of their couplings from those
of a generic renormalizable elementary two-Higgs doublet
model (E2HDM). In the f — oo limit the pNGB states are
in fact identified with the physical Higgs states of doublet
scalar fields of the E2ZHDM.' Deviations from the E2HDM
are parametrized by &= v3,,/f% where vgy is the SM
Higgs VEV.

Once the strong sector is integrated out, the pNGB
Higgses, independently of their microscopic origin, are
described by a nonlinear ¢ model associated to the coset.
We construct their effective low-energy Lagrangian accord-
ing to the prescription developed by Callan, Coleman,
Wess, and Zumino (CCWZ) [13], which makes only a few
specific assumptions about the strong sector, namely, the
global symmetries, their pattern of spontaneous breaking,
and the sources of explicit breaking (we assume that they
come from the couplings of the strong sector with the SM
fields). The scalar potential is in the end generated by loop
effects and, at the lowest order, is mainly determined by the
free parameters associated to the top sector [10].

Here we will focus on the unitarity properties of a
C2HDM,2 namely, we will derive the bounds on the
parameters of the model by requiring perturbative unitarity
to hold at the energies reachable by the LHC. In fact,
contrary to the E2ZHDM, which is renormalizable, the
C2HDM is an effective theory. The pNGB nature of the
Higgses leads to a modification of their couplings to matter
with respect to the E2ZHDM case and, as a consequence,
forces a nonvanishing s dependence of the scattering
amplitudes. This means that the C2HDM is not unitary
for energies above a critical value or, alternatively, one
needs to consider other new physics contributions (e.g.,
new composite fermions and gauge bosons) to make the
model unitary above that energy scale. Since the fermion
content of the model does not play a role in the present
investigation, we will not specify the fermion representa-
tion and we will not calculate the Higgs potential generated
by the radiative corrections. Instead, we will assume the
same general form of the Higgs potential as in the E2ZHDM
with a Z, symmetry, the latter imposed in order to avoid
flavor-changing neutral currents (FCNCs) at the tree level

'For an updated review of the theory and phenomenology of
E2HDMs see Ref. [12].

*For the discussion of unitarity in minimal composite Higgs
models see Ref. [14].
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[15]. Therefore, in the energy region where the E2HDM
and C2HDM are both unitary, it is interesting to compare
the bounds on the additional Higgs masses. In fact, due to a
compensation amongst mass- and energy-dependent con-
tributions, we find that regions not allowed in the E2ZHDM
are instead permitted in the C2HDM for the most general
configuration of their parameter spaces.

The paper is organized as follows. In Sec. II we describe
the C2HDM based on SO(6)/SO(4) x SO(2). We sepa-
rately discuss two scenarios: the active one in which both
Higgs doublet fields acquire a VEV and the inert one in
which only one does. In Sec. III, the unitarity properties of
the C2HDM are discussed by calculating all the two-to-
two-body (pseudo)scalar boson scattering amplitudes and
by deriving constraints through all these channels.
Conclusions are drawn in Sec. IV. Some technical details
of the derivation of the pNGB kinetic terms are given in the
Appendix.

II. THE MODEL
A. Higgs doublets as pNGBs

We first discuss how we obtain two isospin scalar
doublets from the spontaneous breakdown of the global
symmetry, ie., SO(6) - SO(4) x SO(2). In order to
clarify this, we introduce the following fifteen SO(6)
generators:

i[l
Tir==75 7" (6/8] - 5;57) F (5/5] - 675} |,

i
Ts —5(5?5?—5}5516),
o _ _ L (5155 _ siss a_ _ ' (5056 _ s086
T¢ —%(51.5].—@5,), T_—\ﬁ(éi&j—éj&i),
with (a,b,c=1=3), (i,j=1-6), (a=1-4).

The above generators are classified into the seven unbroken
generators T7 » and T and the eight broken generators T‘Il
and T3. We can confirm that T¢ ., and Ty are the
subalgebras which generate the SO(4) x SO(2) subgroup
by looking at the following commutation relations:

(T4.T9) = ieT5,  [T4.T}) = ie" T,

(T4, TR] = [T§.Ts] = [T4.Ts] =0, (2)
a 1 a 3 1
[T{.Te,] = —5° Ty, [Tz To,] = _ET‘I)"’ (3)
where
T2 +iT),
Te = , a=1,2. 4
N (Ti—iTi;) W
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Equation (2) tells us that the commutation relations among
T{ p and Ty are closed plus that 77 (T%) generates the
SU(2); (SU(2)g) subgroup of SO(4) which is identified
as the custodial symmetry of the SM Higgs sector.
Furthermore, Eq. (3) shows that T transforms as the
SU(2), doublet with charge +1/2.” Therefore the broken
generators are associated with the pNGBs, transforming as
a (4, 2) of SO(4) x SO(2).

We then introduce the following two SU(2), doublet
scalar fields associated with Ty as pNGBs:

o - (h§+ih},>_< gy )
a—\/z hﬁ—l‘hg = v,,+i\l/r,§+zz(, ’

where the v,’s are the VEVs of ®,. The relation among v,
v, and the Fermi constant G will be discussed in Sec. II B.
Notice that, in order to assign the right hypercharge to
fermions, one also has to introduce an extra U(1)y. The
electric charge Q will be then defined as usual by Q =
T3 +Y with the hypercharge Y given by Y = T3 + X,
where X is the U(1)y charge. In this paper, we do not discuss
the fermion sector which is not relevant to the following
analysis, so we can omit this extra U(1)y group.

(5)

B. Kinetic Lagrangian

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 trans-
forms nonlinearly under the global group.

The kinetic Lagrangian invariant under the SO(6)
symmetry can be constructed by the analogue of the
construction in nonlinear sigma models developed in
Ref. [13] as

[72]
—-
=

= ==
2]
=
=

Sl s
>

where

h=\/I3+ h3. (13)

The two-gauge-boson terms are extracted from Egs. (6),
(7), and (12) as

The overall minus sign is a convention as the T3 charge
should be +1/2 to get Y = +1/2 and Q = +1 for the upper
component of the Higgs doublet.
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L —fz dd) (da) 6
kin_z( a)y( a) ’ ( )
where
(d3), = ite(U'D,UT}). (7)
Here U is the pNGB matrix:
U =exp <H)
=exp|i—],
f
Ogeq  h4  HE
with T1=V2hiTE =i —=h? 0 0 (8)
-h¢ 0 0
In Eq. (7), the covariant derivative D), is given by
D,=0,—igT{W; —igdYB,. (9)

The expressions for (dg)ﬂ up to O(1/f) are given in the
Appendix.

In order to see how the gauge boson masses are
generated, let us consider the fourth components of the
Higgs fields:

W= 0.0.00),  K=(000F). (10

with
ilz = l’lz + ;.

,jllzhl‘i—i)l, (11)

In this case, the matrix U defined in Eq. (8) takes a simple
form,

;T?sin% %sm?
(1 —cosJ@) —hl‘% (1 —cos?) : (12)
h 5 h
(1 - cos;) 1-= (1 - cosj;)
|
s *ﬁ(2 PWEWH + g2 Z Z")sinzﬁ (14)
kin T 8 g M gZ " f’
and thus the gauge boson masses are given by
m}, = g—zfzsng, m% = @fzsinzg, (15)
4 f 4 f

where v? = v? + 03 and g; = g/cos Oy, with Oy, being the
weak mixing angle. Notice here that the VEV v is different
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from the one vg); in the SM as long as we take a finite value
of f. The relationship among v, vgy, and G is expressed
as follows:

1 v
v, =—— = f2sin? = = (246 GeV)2. 16
SM \/EGF f f ( ) ( )

The ratio of the two VEVs is defined by tanf = v,/v;.

Similarly to the E2ZHDM, we can define the so-called
Higgs basis [16] in which only one of the two doublet fields
contains the VEV v and the Nambu-Goldstone states G+
and G° absorbed into the longitudinal components of W+
and Z bosons, respectively:

(2)=rn (). mm= (5 2m).

where

G* H*
¢ = <u+h’,+ico>, U= <h’2+iA>. (18)
V2 V2

In the above expressions, H* and A are the physical
charged and CP-odd neutral Higgs boson, respectively,
while /| and /), are the CP-even Higgs bosons which in
general can be mixed with each other. In this basis, the two-
derivative terms for scalar bosons are extracted up to

O(1/£%):

der I3 1 1
Lyder = <1 - g) [|a,4<;+|2 + 50,6 + 5 9,y

1 1
FOH P 45 (0,A) +5 (9, )2, (19)
where
2
v
£= % (20)

We see that the kinetic terms for G, G°, and /), are not in
canonical form and we need to rescale the fields:

-1/2 -1/2
Gt > <1 _§> Gt, G’ > (1 _§> GO,

£\-1/2
h, — <1 —§> h,. (21)

After this shift, we can define the mass eigenstates for
the CP-even scalar bosons by introducing the mixing angle
0 as
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()-mofs)

where £ is assumed to be the observed Higgs boson with a
mass of 125 GeV. The mixing angle @ is determined by the
mass matrix for the CP-even states calculated from the
Higgs potential, which will be discussed in the next
subsection.

C. Higgs potential

The Higgs potential is generated through the Coleman-
Weinberg (CW) mechanism [17] at loop levels. There are
two types of contributions to the potential, coming from
gauge boson loops and fermion loops. The former con-
tribution can be calculated without any ambiguities and it
generates a positive squared-mass term in the potential [7].
Thus, EW symmetry breaking does not occur by the gauge
loops alone. Fermion loops can provide a negative con-
tribution to the squared mass term, so their effect is
essentially important to trigger EW symmetry breaking.
However, the contribution from fermion loops depends on
the choice of the representation of fermions.

The structure of the Higgs potential in the
SO(6)/SO(4) x SO(2) model has been studied in
Ref. [10] assuming several representations of fermion
fields. They also assumed that the explicit breaking of
the global symmetry is associated with the couplings of the
strong sector to the SM fields, that is, gauge and Yukawa
interactions. This assumption, dictated by minimality,
allows one to parametrize the Higgs potential at each given
order in the fermion and gauge couplings in terms of a
limited number of coefficients. If this assumption is
relaxed, the parameter space of the C2HDM could be
significantly enlarged. The form of the potential they
obtained is given by the general E2ZHDM one, but each
of the parameters is expressed in terms of those in the
strong sector (mainly associated to the top dynamics). In
our paper, however, we do not explicitly calculate the CW
potential and we do not specify the fermion representations,
making our analysis applicable to different choices of them.
In fact, while the coupling of the vector bosons is fixed by
gauge invariance, more freedom exists in the fermion sector
and, to specify the model, one must fix the quantum
numbers of the strong sector operators which mix with
the SM fermions, in particular with the top quark. The CW
potential clearly depends on these choices. Instead of
performing the explicit calculation, we assume here the
same form of the Higgs potential as that in the E2ZHDM.
Our results on the unitarity properties of the C2HDM will
be expressed as bounds on the masses of the Higgses which
are free parameters in the E2HDM. Once the model is
explicitly specified, we will have the possibility to check,
by calculating the CW potential, if the composite Higgs
spectrum of that particular configuration satisfies the
unitarity bounds.
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In order to avoid FCNCs at the tree level, a discrete Z,
symmetry [15] is often imposed on the potential, which is
what we also do here.* Under the Z, symmetry, the two
doublet fields are transformed as (®, ®,) — (+P;, —D,).
This symmetry can also avoid a large contribution to the
EW T parameter which could emerge in C2ZHDMs from
the dimension-six operator in the kinetic Lagrangian.5
Depending on the nature of the Z, symmetry, i.e., softly
broken or unbroken, the properties of the Higgs bosons can
drastically change. In the following, we first discuss the
softly broken Z, case and then we consider the unbroken
case. For the latter case, the VEV of ®, must be taken to be
zero to avoid the spontaneous breakdown of the Z,
symmetry. In analogy with the E2ZHDM we will refer to
the former scenario as the active C2ZHDM, while the latter
describes the inert C2ZHDM.

1. Active C2CHDM

The Higgs potential under the gauge symmetry
SU(2); x U(1)y with the softly broken Z, symmetry is
given by

V(®y, ®,) = m}®]®, + m3®]®, — m3(®]d, + H.e.)
1 . 1 ¥
54 (©)®1)” + 5/12((1%‘1)2)2
+ 3 (B]0)) (D5D,) + 44| DD,

+ % A5[(®]®,)2 + Heel, (23)

where m3 and 15 are generally complex, but we assume
they are real for simplicity. It is useful to rewrite the soft-
breaking Z, parameter m3 through M? [19] as follows:
2
=5 (24)
SpCp
where 53 = sin # and ¢z = cos f8. In the following, we use
the shorthand notations sy = sin X and cy = cos X for an
arbitrary angle X.
The tadpole conditions for #; and h, fields, assuming
v, # 0 and v, # 0, are given by

1
m% + 5 Uz(/llclzj + /13455/2}) - Mzs% = 0, (25)

“In Ref. [10], the Z, symmetry (&, — +®, and &, - —P,) is
referred to as the C, symmetry whose transformation can be
expressed by a diagonal 6 x 6 matrix form acting on the 6 x 6
pNGB matrix given in Eq. (8).

The issue of anomalous contribution to the 7 parameter and to
FCNCs in C2HDMs was faced also in Ref. [18] where they
discussed T-safe models based on different cosets, in particular
SO9)/SO(8).
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1
m3 + 2 vz(/lzs/z, + /1345c%) - Mzc/% =0, (26)
where Asy5 = A3 + A4 + 4s. The mass matrices for the
charged states M2 in the basis of (wf, w;) and the CP-

odd scalar states M2, in the basis of (z;, z,) are
diagonalized as

RT(B)MR(P)

R diag(0, mi]i ),
RT(/})MgddR(ﬁ> = dia

g(0.m3). (27)

where m7 . and mj are the squared masses of H* and A:

2

m?, = M? —%(/14 + 4s), mi = M?>—v215.  (28)

H*

The massless states correspond to the modes G* and G°.
The mass matrix for the CP-even scalar states is also
calculated in the basis of (A}, 1) as

Meen)l  (Meyen)?
Mgven _ (( even);] ( even);z ) : (29)
(Meven)lz (Meven)22
where each of matrix elements is expressed by
(Meven)%l = 1}2(}'102’ + AZS?} + 2’13456'/2}5‘/2;’)» (30)

¢
el = (145) D420 + 2225365 G1)

¢
(Meven)%z =? <1 + 6 [—/11C%3 + lzs%, + Czﬁ/1345]SﬁCﬁ.

(32)

This matrix can be diagonalized by the rotation R(6)
introduced in Eq. (22) as

m% = Cg(Meven)%l + Sg‘(Meven)%z + 2s0€9(Meven)%27 (33)

m%-] - sg(Meven)%l + C%(Meven)%z - 2s9c9(Meven)%2’ (34)
2(M 2

tan 20 = (Meven)is (35)

(Meven)%l - (Meven)%2 ‘

Now, we can rewrite all the 4; parameters of the potential
(23) in terms of the masses of the physical Higgs bosons
and the mixing angle 6 as follows:
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1
M_??PMMM@%FM%
&
+ gsﬁ(mﬁcﬂwse — m§Sp.0C0) | (36)

1
b:T%%%ﬁw#@_w%
v Sﬁ
¢
-3 cp(mjspio89 + micpioco) |, (37)

1 [2s5.9C
43———fiﬁiﬁﬁ<mz—n@>+zmgi

v SZ[}
MZ ‘}; 2 2 38
- - E (mh50C2ﬂ+9 - mHCGS2ﬂ+9) ) (38)
1 2 2 2
24:¥(M +mA—2mHi), (39)
1 2 2
s = = (M2 = ), (40)

There are in total nine independent parameters which can
be expressed as my, my, myx, cos @, tan f3, M?, & (or f), v,
and my. The latter two parameters will be fixed in our
analysis by requiring m;, = 125 GeV and vgy; = 246 GeV.

2. Inert C2CHDM

The Higgs potential is given as in Eq. (23) without the
m% term. Because of the absence of the VEV of ®,, we have
only one tadpole condition for m,, and the m, parameter
will set the scale for the mass of the inert Higgs. Thus, the
mass relations are the following:

2 2 v?
mHi :m2—|—7/13, (41)
2 2 v?
my = my” + 7(/13 + 44— 4s). (42)
2
my =1 +§ my* +— s |, (43)
3 2
m%l = 0. (44)

From the above four relations, the A;, A3, A4, and A5
parameters can be rewritten in terms of the four mass
parameters and m3:

ay="h 45
1 ’U2 ( )
A _2 (m2,, —m3) (46)
3 2N HE 2/
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4 =%[M§—2m§i +m3,<1 —é)] (47)
As = % [m%, (1 - g) - mi] . (48)

We note that the 4, parameter is not determined in terms of
the Higgs masses, just like the m3 parameter.

The eight independent parameters in the potential can be
expressed as mpy, my, my+, m% A, and € (or f), v, and m,,.
Similar to the active case, m;, and v will be fixed by
125 GeV and by requiring vgy = 246 GeV, respectively.

III. UNITARITY BOUNDS

In this section, we discuss the bound from perturbative
unitarity in our C2ZHDM. We consider all possible two-to-
two-body bosonic elastic scatterings. The procedure to
obtain the unitarity bound is similar to that in elementary
models such as the SM [20] and E2ZHDM [21-25]. Namely,
we compute the S-wave amplitude matrix, derive its
eigenvalues x;, and then impose the following criterion
[26] for each of these:

[Re(x;)| < 1/2. (49)

The most important difference between the unitarity
bound in elementary models and that in composite models
is that there is a squared energy dependence in the S-wave
amplitude for the latter. This is exactly canceled in
elementary models among the diagrams with the gauge
boson mediation, the Higgs boson mediation, and the
contact interactions. In composite models, however, this
cancellation does not work, because the sum rule of the
Higgs-gauge-gauge-type couplings is modified from that in
the elementary ones. For example, in the E2HDM, the
squared sum of the AVV and HVV (V = W, Z) couplings is
the same as the squared &g, V'V coupling in the SM, while
in the C2HDM, it is modified by the factor (1 — &). The
energy dependence of the S-wave amplitudes leads to
unitarity violation and asks for an ultraviolet (UV) com-
pletion of the C2ZHDM. The study of the unitarity bounds in
this effective theory therefore gives an indication of the
scale at which the onset of other effects of the strong sector
become relevant.

A. The W/ W; — W]/ W] reference process

In order to clearly show the difference between pertur-
bative unitarity properties in the E2ZHDM and those in the
C2HDM, let us calculate the elastic scattering of the
longitudinal component of the W-boson scattering, i.e.,
WiW; — W/ W7, in the active case.

The contribution from the diagrams without the Higgs
bosons is calculated as in the SM,

055017-6
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M (WZ— WZ - WZ WZ)gauge

s 92 ¢ .
= % (1 - C¢) - ZZ (2C0529W - 1)(1 + C¢> - 2tan2§ —+ O(S 1), (50)
where ¢ is the scattering angle and s is the squared center-of-mass (CM) energy. The contribution from the Higgs boson
mediation (2 and H) is given by

s 2
MWEWL = Wi W] ) piges = —ﬁ(l —cy)(1=¢) —yg—(l = &)(mycg +mpsg) +O(s7). (51)
SM SM

Thus, in the total amplitude the s dependence appears which vanishes in the limit of £ — 0:

s 2
MWLWE > Wi WD) = —f (1= ¢p) = —— (mjcj + mpsg)(1 = &) + O(g*,s7"). (52)
2v5y Usm
The S-wave amplitude a, defined by
1 1 1 0 )
g =75 _ldcosgb/\/l:—@ : d¢psin p M, (53)

is calculated for the W; W, — W} W7 process as

N

1
302a02y 0 Savl (m%cf, + m%ﬁé)(l -&)+ (9(92’ S_1>- (54)
SM SM

ag(Wy Wi - WiWp) =
Therefore, S-matrix unitarity is broken at a certain energy scale as long as we take & # 0.

We expect that exactly the same result as in Eq. (54), up to O(s°), is obtained by using the equivalence theorem [27], in
which the W7 mode is replaced by the Nambu-Goldstone mode G*. Let us check this. There are three relevant diagrams for
the amplitude (G*G~ - G*G7), i.e., the contact diagram (denoted by M), and the s- and #-channel diagrams (denoted by
M, and M,, respectively) with the & and H exchanges. Each of these diagrams is calculated as

S
M (GTG™ = GG = §<1 = ¢p)(96t6t 6767 — 96+ 6-6+6-) T Acr 666 (55)
4 4 1 S 2
M(G'G™ = GG ) == 3 —— S (206 p6" ~ ') T Ao 60| - (56)
@=hH 4
4 4 1 t 2
M(G'G™ =G G) == —— |5 (2607~ 96'6-9) T o760 - (57)
@o=h,H 4

In the above expressions, we introduced the scalar trilinear 4,,,. and quartic 4,,., couplings from the potential as well as
the scalar trilinear g, . and quartic g, ., couplings with two derivatives coming from the kinetic Lagrangian. They are
defined by

o'V >’V
haved = = padhocoa =" padboe” G8)
and
. 3L,
64‘C’km 0 [’km (59)

Jabed = 5(0,a)0(0"b)ocdd’ ™ = 9(0,a)0(0"b)oc”

While g, .q and g, . are proportional to &/ vy, the 4,4 and A, couplings contain £° terms plus corrections proportional
to . These scalar couplings appearing in Eqgs. (55)—(57) are given by
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2 ¢
AGrG-GtG- = 2 <1 + 5)( 7Co + mysg), (60)
SM
m? m?
A = ——1 (1 =+ §> Cos e (1 =+ §> Sgs (61)
Vsm 6 Usm 6
2¢
96+6-.G*G- = _%’ 966+ .G¥G* = % (62)
2£
96rG-h = — sy Co; 96=h.GT = %Ca’ (63)
G = S pgr = — : 64
96+G-H ey So 9G*H.GF ey So (64)

By substituting in Egs. (55)—(57), we find that the total amplitude of the GG~ — GG~ process is exactly the same as that
of the W; W; — W} W7 one given in Eq. (52). In the following, we calculate all the other two-to-two-body scattering
channels using the equivalence theorem.

B. Generic formulas for the two-to-two-body (pseudo)scalar boson scatterings

We discuss here the general two-to-two-body scattering process denoted by AB — CD with A, B, C, and D being
(pseudo)scalar bosons. There are contributions from contact M., s-channel M, t-channel M,, and u-channel M,
diagrams as shown in Fig. 1. Each of the amplitudes is calculated in the following way:

M (AB = CD) = —(gap.cpPas + 9cp.asPcp) + 9ac.spPac + 9sp.acPep + 9ap.scPap + 9scapPsc + Aapcp- (65)

1
M (AB - X — CD) = R (9xa.BPxA + 9px APBX — YaBXPAB + AaBx)
X
X (9xc.oPxc + 9px.cPpx — YcpxPcp + Acpx) (66)

1
M,(AB — X - CD) = R (9acxPac + gxacPxa = JexaPex + Aacx)

X
X (98p.xPBD — 9xB.DPXB + 9pX.BPDX + ABDX)-A (67)
1
M, (AB - X - CD) = — =2 (9apxPap + 9xa.0Pxa = Ipx.APDX + AaDx)
X
X (gBC,XpBC — 9xB.cPxB + 9cxBPcx T+ ABCx ) (68)

where p;; = p; - p;. In the above expression, 4,,. and 1., are defined in Eq. (58) while g, ;. and g, .4 are defined in
Eq. (59). The four-momenta of the particles A, B, C, and D are expressed as

= (Eipi). (i=AB.CD), (69)

with E; and p; being the energy and three-momentum of the particle i, respectively. In the CM frame, these quantities are
expressed by

EA:\/TE(I‘I'XA_XB)’ EB:§(1+XB_XA)’ (70)

S s
EC:\/?_(I"_XC_JCD)’ ED:\/?_(I"’_XD_XC)» (71)
]_5A = (O’Ov pin)’ Z)C = (poutsqivov pouthﬁ)’ Z’B = _Z)Av ﬁD = _ﬁC’ (72)
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and
2
$ s m;
Pin = %AI/Z(XA’)CB)’ Pout = \/7_/11/2(va xD)v Xi = T . (73)
The two-body phase-space function 4 is given by
Ax,y) =1+ x> +y* = 2xy — 2x — 2y. (74)

In the massless limit of the external particles, i.e., x; — 0, we obtain the simpler form

s 1-c¢
M, - ~5 |9as.co + 9gcpas

2
M= i)
- _% (9xa.8 + 98x.a — 9apx)Acpx + (A, B) <
2
M, - _4(1‘——
1
=73 (9acx — 9xac —
2
M, - —m (QADX 9xA.D

1

=75 (9apx = 9xa.p — 9px.a)dscx + [(A, D) <

From the above expressions, it is clear that the S-wave
amplitude can be classified into three types of contributions
up to O(s%): i.e., (i) terms proportional to s&, (ii) terms
proportional to s°&°, and (iii) terms proportional to s°&. The
contributions (i) and (ii) come only from the g, p and
Aapcp coupling, respectively, in the scalar contact inter-
action diagram as it is seen in Eq. (75). The contribution
(iii) comes from the cross term g, pc X A4p¢ in the s-, 7-,
and u-channel diagrams and also from the contact diagram
in Eq. (65). When we neglect the contribution (iii), the
calculation of the S-wave amplitude becomes extremely
simple for the following reason. In this approximation, the
propagator of (pseudo)scalar bosons and the invariant mass

__ % __ "%
2 (9ac.sp + 9BD.AC) D

) (QACX gxa.c ~ 9cx.a __/1ACX> x (A - B,C— D),
(

Jexa)spx + (A, C) < (B,D)] +

—9px.A — ;lADx

1+c¢
2 (9ap.sc + 9scap) | + Aascn- (75)

2
) (gXA,B + 9px.a —9apx + S/lABX> x(A—C,B—D),

(C,D)]+O(s™), (76)

O(s7h), (77)

2
Xx(A—=B,D - ()

(B,C)] + O(s71). (78)

term from the product of the momentum p;; do not enter the
calculations. We thus can choose any basis of scalar states.
In other words, the eigenvalues of the S-wave matrix do not
depend on the mixing angles f and 0 for the scalar bosons.’
Clearly, the simplest way to calculate the S-wave matrix is
by using the weak eigenbasis and we adopt it to calculate
the S-wave amplitudes for all the scattering states in the
next subsection.

Before calculating all the scattering amplitudes, let us
consider another particular process, e.g., HTH~ - H H™,
again in the active case, in order to see if the O(&s°) term
can be relevant. Using Egs. (65)-(67), we obtain the
amplitude for the H"H~ — H"H~ process as follows:

2
s My« 2 1
“ap e =)+ = B dn (o img) 09
(ﬂ

p=h,H

®Even the shift of scalar fields given in Eq. (21) is not needed in this calculation, because the & factor from the shift provides O(¢2s) or

O(&s°) contributions.
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+
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=%§<1+C¢>—U2—H5<§

2oy SM

and the couplings relevant to this process are given by
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+ 4C¢> + /1H+H7H+H* + O(S_l), (80)

2
/1H+H7H+H— = -5 <1 - g) [4C0t22/)7M2 - (Cg + 2 cot 2/3.5'9)2}7’[%’ - (Sg —2cot 2/}6'9)2"’[%_1]
Usm
4C2
+ 271525[(6’35'2[; + ZSHCQﬁ)SHm% + (2C9C2ﬂ - SgSzﬁ)Cgm%{], (81)
3USM32/}
1 [2s
s = [%;9 M2 = (cy + 25 cot 2Bt — 2c9mgi}
S o L, o asycotapym? 4 O (82)
vsm | 3 6 00 b3 E ]
1 [2c
p - [%MZ + (59 — 2cocot2)m% + 2s9m§4
M
§ 50,5 1 2 S0 o
+’[}S—M gM +6(—s9+4c900t2ﬂ)mH—§mHi R (83)
and
|
o 3 . _ 2& (84) product of the four momenta [see Egs. (70)=(73)] in the
JH HHH 30y, G H* 07 HT 30y contact interaction diagram.

9urH-h = 9utne¥ = 9H H-H = 9H*H HF — 0. (85)

Notice that the contribution from the s and ¢ channels with
h and H mediation only give the O(s7!) term in the
H"H™ — H"H~ amplitude due to the absence of the
trilinear g, ,. couplings as shown in Eq. (85). In contrast,
the s- and z-channel contributions to the GTG™ — GTG~
amplitude do give O(&sY) terms. In addition, the second
term in Eq. (80) comes from the mass dependence of the

A-morccqerean C e .c
E E N . g
M, = X M, = Xy x
s P
B --->--L-»--- D B -y’ ) D

FIG. 1. Feynman diagrams for the two-to-two-body (pseudo)
scalar boson scatterings. The arrow with each dashed line shows
the momentum flow of each particle.

Let us now show some numerical results for the S-wave
amplitudes of the GYG™ - GG~ and HYH™ — HYH~
scatterings. First, we show the results by neglecting the
O(s7") terms in order to fully see the effect of the O(&s°)
contributions. In Figs. 2 and 3, we plot the absolute value of
ag(Gt*G™ - G"G™) as a function of /s in the case of
cosf =1 and cos @ = 0.99, respectively. In both figures,
the solid (dashed) curves show the case with (without)
O(&s°) contributions and the scale f is taken to be 500 GeV
(black), 750 GeV (blue), and 1000 GeV (red). In Fig. 3, we

l2,/(G'G ~ G'G)
o o o
= [=} o0

o
o

Root(s) [TeV]

FIG. 2. S-wave amplitude for the GG~ — GG~ process as a
function of /s in the case of cos @ = 1 and f = 500 GeV (black),
750 GeV (blue), and 1000 GeV (red). The solid (dashed) curves
are the result with (without) O(£s°) terms.
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I T
cos6 =0.99

0.8 | my = 1000 GeV

) ©
+ +

o O o6

T T

© <}
+@, . +@, 0.4

= =

o 02

L B ——
c0s6 = 0.99

gl M= 1500 Gev

s o
=

2 (G'G = G'G)
I
2

0.2

Root(s) [TeV]

FIG. 3.

Root(s) [TeV]

Root(s) [TeV]

S-wave amplitude for the GTG™ — GG~ process as a function of /s in the case of cos @ = 0.99 and f = 500 GeV (black),

750 GeV (blue), and 1000 GeV (red). The solid (dashed) curves are the result with (without) O(&s°) terms. The left, center, and right
panels show the result for my = 500, 1000, and 1500 GeV, respectively.

I T T
m, =M =500 GeV

.81 tanf=1

cosO=1

5
Root(s) [TeV]

Root(s) [TeV]

Root(s) [TeV]

FIG. 4. S-wave amplitude for the H*H~ — HTH~ process as a function of /s in the case of cos@ = 1, tanff = 1 and f = 500
(black), 750 (blue), and 1000 GeV (red). The solid (dashed) curves are the results with (without) O(&s°) terms. The left, center, and right
panels show the results for mg (= my = my = my=) = M = 500, 1000, and 1500 GeV, respectively.

f=750 GeV

2000

1500

1000 GeV

GeV]

1000

500 GeV

¢
1000 GeV

m(D
=
f=

500

2000 ‘ — - 2000 ‘
tanf =1 1 | tanf=1
cosf=1 ' | cosf = 0.99
| |
15001 | | e 15001
| >
= 3 3 3 = 3
2 S g g & s
S 1000} @ o = 1 S 1000f ]
) L -1 L & &
g i | g
‘
|
500} | E 500}
Il Il Il Il Il Il Il Il Il
r 2 3 5 6 7 8 9 10 2 3
Root(s) [TeV]
FIG. 5.

5

Root(s) [GeV]

6

Root(s) [TeV]

Unitarity bound on the (y/s, mg) plane from the requirement of |ag(H"H™ — HTH™)| <1/2 in the case of

M = mg(= my = my = mpy=). In the left, center, and right panels, we take (cosd,tan ) = (1, 1), (0.99,1), and (1,2), respectively.
The solid (dashed) curves are the result with (without) O(&s°) terms.

take my = 500, 1000, and 1500 GeV in the left, center, and
right panels, respectively. As expected, the S-wave ampli-
tude grows as /s increases because of the O(&s) terms, so
that the unitarity constraint will give an upper limit on /s
for a given set of the parameters with £ # 0. We see that the
difference between the solid and dashed curves for each
fixed value of f is negligibly small for cos @ = 1 because
the difference only comes from the m? term, as shown in
Eq. (54), whereas the my dependence vanishes. For the

case with cos @ = 0.99, a slightly larger difference appears,
especially for a larger value of my, as expected from
Eq. (54). Although a further larger difference is expected to
appear as 6 increases for a fixed value of my, such a
scenario is disfavored by the current LHC data [28,29],
which causes a large deviation in the #VV coupling from
the SM value. So, in summary, we can safely neglect the
O(&sY) contributions in the S-wave amplitude for the
GG~ — GTG~ process.
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G'G - G'G,f=3TeV

G'G > G'G,f=5TeV

PHYSICAL REVIEW D 94, 055017 (2016)
G'G > G'G’, f=infinity

T T T T

o 5 10 15 20 25 30 S5 10
Root(s) [TeV]

Root(s) [TeV]

H'H - H

T

Root(s) [TeV]

o H'H - HH ,f=3TeV
T T T T

mg [TeV]

o 5 0 15 20 25 30
Root(s) [TeV]

"H ,f=5TeV
T T T

Root(s) [GeV

H'H - H'H, f = infinity
10— — —

)

i
730 o 5 10 20 2
Root(s) [TeV]

—

FIG. 6. Allowed regions from perturbative unitarity in the (+/s, mg) plane from G*G~ — GG~ (upper panels) and from H*H~ —
H'H~ (lower panels) scattering amplitudes within the C2ZHDM. We take cos @ = 0.99, tan f = 1, and me(= my = my = my=) = M.
The grey regions are obtained by using the exact formulas, and the green ones by neglecting O(1/s) terms. The left, center, and right
panels show the cases with f = 3 TeV, 5 TeV, and infinity (corresponding to the E2ZHDM).

In Fig. 4, we show the S-wave amplitude forthe H" H~ —
H™" H~ scattering as a function of y/s in the case of cos 6 = 1,
tanff = 1, and M = mg(= my = my = my: ). Similarly to
Fig. 2, the solid and dashed curves show the cases with and
without O(&s”) terms, respectively. Because of the m? . &
term in Eq. (80), the difference between these two cases
becomes larger when we take larger values of mg and
small f.

In Fig. 5, we show the constraints on the (1/s, mg) plane
by the requirement that the magnitude of ao(H H™ —
H"H~) does not exceed 1/2. When we include the O(&5°)
contribution, the constraints become slightly weaker
because of the destructive contributions between the &s
and &m? . terms.

From the above results shown in Figs. 2-5, we can
conclude that the O(&s°) contributions are not so important
as long as we consider the case mg < 1000 GeV. Since we
expect the same holds true for the other two-to-two-body
scalar scattering amplitudes entering the S-wave amplitude
matrix, we will in the following neglect the O(&s”) terms
and we will focus our analysis on the region mg <
1000 GeV where this approximation is safe. Notice also
that this is the region of the C2ZHDM parameters that we are
interested in for the phenomenology at the LHC.

Next, we discuss the effect of the O(1/s) terms on the
S-wave amplitudes which were neglected in the above

numerical calculations. In Fig. 6, we show the regions
allowed by the unitarity bound using the G*G~™ — GTG~
(upper panels) and HYH~ — H"H~ (lower panels) scat-
tering amplitudes in the case of tanf = 1, cos@ = 0.99,
and M = mg. The black shaded regions show the allowed
parameter space using the exact formulas given in Eqgs.
(55), (56), (57), and (79), while the green shaded regions do
so using the approximate formulas given in Eq. (54) by
neglecting the O(1/s) terms. The value of f is taken to be
3000 GeV, 5000 GeV, and infinity (corresponding to the
E2HDM) in the left, center, and right panels, respectively.
We see that these two results are in good agreement for
large values of /s as compared to mg. In the comple-
mentary region of my = /s, we find somewhat significant
differences between these two results. In particular, the
region with /s = my is excluded if we look at the result
using the exact formula, which is due to the resonant/
divergent effect of the s- and #-channel diagrams that makes
the S-wave amplitude quite large. Therefore, as long as we
consider the phenomenologically interesting case, i.e., the
mass of the extra Higgs boson is taken to be 1 TeV or below
and /s > 1 TeV, the differences due to the O(1/s) terms
are not important either and we can use the approximate
formulas to study the unitarity bounds of our model.
Figure 6 also allows a direct comparison between the
C2HDM (left and center panels) and the E2HDM (right
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panels). Given a finite value for f, there is an energy scale
over which the theory is no longer valid and a UV
completion is required (for example, for f =3 TeV we
get /s <20 TeV). But, for energies below this cutoff, the
bound on the mass of the extra Higgs boson is less stringent
than the one in the E2ZHDM. This is due to a partial
cancellation between the term growing with s and the one
proportional to m? in the scattering amplitudes considered
here (or to a squared Higgs mass in general in all other
channels). This property will be confirmed by the forth-
coming analysis of the unitarity bounds via the complete
S-wave amplitude matrix.

Furthermore, in Fig. 6 one may notice that (e.g., in the
left two panels, for f = 3 TeV, where the effect is most
apparent) the C2HDM remains perturbative for very large
values of /s, if mg is also taken to be large. On the one
hand, this corresponds to a very fine-tuned region where
perturbativity is achieved through a strong cancellation
between the large scalar mass term and the contribution
growing with energy proportionally to &, the two there-
by compensating each other. On the other hand, over the
same region, there are stronger bounds on mg emerging
from the HH — Hh and/or Hh — hh channels, especially
when tanf =1 and sin# = 0. This is mainly because
a larger value of the Hhhh and HHHh quartic couplings
is obtained as compared to the GTG GTG~ and
|

4 %% hih
wl a)l s ’
V2 V2
The eight (positive) singly charged channels are

expressed by

W?Zhw;rhnwfzz’(U;Zha’fhz’wfhl (i=1,2). (87)
The three (positive) doubly charged channels are
expressed by

o’

L ooy (i=1,2).

V2

The negative charged states are simply obtained by taking
the charge conjugation of the corresponding positive states.

Although each neutral, singly charged, and doubly
charged state gives a 14 x 14, 8§ x 8, and 3 x 3 S-wave
amplitude matrix, respectively, they can all be simplified
into a block-diagonal form with maximally 2 x 2 subma-
trices by taking appropriate unitary transformations of the
scattering states. As discussed in Ref. [23], such an
appropriate basis can be systematically obtained by using
the conserved quantum numbers, e.g., the hypercharge Y,
the weak isospin [, its third component /3, and the Z,
charge of two-to-two-body scattering states.

(88)

+o—
—=hizi, hihy, 2120, 20, Moz, Wy Wy, Wy Wy
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HTH H"H~ ones. For the same configuration given in
Fig. 6, the above neutral (pseudo)scalar channels give an
upper limit on mg of about 2 TeV for f =3 TeV and
\/E = (), i.e., several TeV less than in the charged (pseudo)
scalar scattering cases. In general, the upper limit on mg
becomes stronger when we combine all the scattering
channels together and impose the constraint from vacuum
stability as well, as we will see later on in Sec. III D.
Finally, despite not being explicitly presented here, we
confirm that the results of the inert case do not differ
substantially from those of the active case, so we shall
adopt the same approximations in both constructions.

C. Diagonalization of the S-wave amplitude matrix

In this subsection, we calculate all the two-to-two-body
(pseudo)scalar boson scattering amplitudes by keeping the
O(&s) and O(&%°) contributions only. In this case, the
diagonalization of the S-wave amplitude matrix is analyti-
cally done as we will explain below. (We note that the
following discussion is valid in both the active and
inert case.)

In the C2HDM there are 14 neutral, 8 singly charged,
and 3 doubly charged states as in the E2ZHDM. In the weak
eigenbasis introduced in Eq. (5), the 14 neutral channels are
expressed by

(i=12). (86)

First of all, by using the Z, charge, we can separate the
14 neutral channels into eight Z,-even and six Z,-odd
channels:

_ 2z hih; h
a)iv ) ) lZl
V2 V2

+
i

(i =1,2) [Z,-even states|, (89)

hlhz, 2122, h1Z2, hzZl, a)Ta)E, w;’wl_ [Zz-Odd States]. (90)

Next, the eight Z,-even states are further decomposed into
the following orthogonal states:

1/, 1 1

— | wfwr +=z.z: +=h:h, ),

\/§<wl @i +2ZZZZ+2 l l)

1 1 1 1

—wrwr —=zz; = =hih; ), = (ziz; — hihy), z;h. (91
\/E<w, o =52z =5 hi ,> 2(1121 ihi).z (91)

The corresponding 8 x 8 S-wave matrix in the above basis
is given by

ad(Z,-even) = diag(A;, A,, A3, Ay), (92)
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where

3 1 34 243 + 4
A = Sf ( >_< I 3 4)1 (93)
ZUSM 1 3 2)“3—’—14 3&2
-1 1 M4
- (0 4) -0 i)
2’USM 1 -1 /14 12
-1 1 A4
a1 )= (o i) o
203y \ 1 =1 As I

The six Z,-odd states are further decomposed into the
following orthogonal states:

Ay = Ay =

1
%(hlzz + hyzy),

— hihy + of 05 + 0] o)),

(=212 + Iy hy),

-

(—2122

(ihiz2 = ihyz) — o] @7 + @y 07),

(2122 + By + 0f 03 + 0y @7),

(=ihyzp + ihyz) — 0] @5 + w3 o). (95)

D= N = = N =

The corresponding 6 x 6 S-wave matrix in the above basis
is given by

al(Z,-0dd) = —é:dlag( -1,1,1,1)
Usm
- dlag(/13 +/14,/13 +/14,ﬂ3 +ﬂs,ﬂ3 —/15,&3
204 + 35, 43 + 24 — 315). (96)

Similarly to the neutral states, we can separate the singly
charged states into four Z,-even and four Z,-odd states:

] z;, 0l h;, [Z,-even states],
o 25, w3 21, 0] hy, @3 hy [Z,-0dd states].  (97)

The four Z,-even states are further decomposed into the
following orthogonal states:

1
— (iz;o] + hjo]),

1
V2 V3!
and the corresponding 4 x 4 S-wave matrix in the above
basis is given by

—izwf +hot),  (98)

ai(Z,-even) = diag(Asz, Ay). (99)

The four Z,-odd states are further decomposed into the
following orthogonal states:

PHYSICAL REVIEW D 94, 055017 (2016)
(iof 2o + iw3 2 + @ hy + 0 hy),
— o hy + oy hy),

(—inZQ + ia)z_Z]

(—iof 25 — iy 2y + @ hy + @) hy),

= = D= N =

(i) 2 — 1wy 2y — @] hy + w3 hy), (100)
and the corresponding 4 x 4 S-wave matrix in the above
basis is given by

— € Giag(~1.1,-1.1)
Usm

- dlag(lg, + ),4, ),3

aat (Zz-Odd)

— g Ay A+ As. Ay — As).
(101)

Finally, the three doubly charged states can be separated
into two Z,-even (w; @/ v2) and one Z,-odd state
(wf 7). They give

t(Zy-even)=A;,  aft(Z,-odd) = _v— — (A3 +44).

SM
(102)

Consequently, the analytic formulas of all the indepen-
dent eigenvalues are obtained by diagonalizing the 2 x 2
submatrices as

35 3
167T.X:1t :El}%—M_E(ﬂl +/12)
1 , [ sE 2
+—1[9(A —A)2 + ——4/13—2,14 . (103)
SM
1 s& 1
1670 = —=—= —— (4 + Ay)
: 20%y 2
1 Es 2
iz\/(ﬂl — )+ (@_%) . (104)
1 s& 1
16mxF = ———>—= (4 + 1)
3 20y 2
1 2
+— (,11—,12)2+(§—2,15), (105)
Usm
1623 :;2—5— (A + 244 = 325), (106)
SM
s&
167xF = i—— (A3 F 2s). (107)
vSM
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FIG. 7.

Roots(s) [TeV]

Constraint on the parameter space of the C2ZHDM from the unitarity and the vacuum stability in the case of tan = 1 and

mpy: = my for several fixed values of f. The left and right panels show the case with cos @ = 1 and 0.99, respectively. The lower-left
region from each curve is allowed. We take the value of my to be equal to m, for the solid curves, while we scan it within the region of
my £ 500 GeV for the dashed curves. For all the plots, M is scanned.

167x% = iysz—é— (A F A4).

SM

(108)

It is important to mention here that the above eigenvalues
can be applied to both the active and inert cases, as already
mentioned. However, once we rewrite the A parameters in
terms of the physical parameters (such as, e.g., the masses
of extra Higgs bosons), then we obtain different expres-
sions between the active and inert cases. For this reason, the
constraints on the physical parameters induced by the
unitarity bound could be different in these two cases even
if we use the same expressions for the eigenvalues given in
Eqgs. (103)—(108).

D. Constraints by all channels

We now perform the numerical evaluations of the
theoretical constraints on the C2HDM parameter space
induced by the requirement of perturbative unitarity using
all the eigenvalues given in Egs. (103)—(108). In addition to
the unitarity constraints, we also impose the vacuum
stability condition, where we require that the scalar
potential is bounded from below in any direction of the
scalar field space with a large field value. The vacuum
stability is guaranteed by satisfying the following inequal-
ities [30,31]":

"We note here that, in general, higher-order dimensional terms
appear in the scalar potential due to its nonlinear nature and these
can change the shape of it for large values of the scalar fields,
especially when f is not very large. In total, eight independent
dimension-six operators, such as ~|®, 6 can be written in
addition to the terms given in Eq. (23), which are proportional
to 1/f2. In our approach, as we explained in Sec. Il C, we assume
the same form of the potential as in the E2ZHDM, so that we do not
take into account the effect of such higher-order operators on the
bound from vacuum stability. In fact, the potential breaking the
EW symmetry in a generic composite Higgs model is generated
by loops so that such terms, despite being present and partici-
pating in the tree-level expansion, are not responsible for mass
generation and for inducing a nonzero VEV of the Higgs fields.

/11 >0, /12 >0, \//1112 +/13 +MIN(O,)V4 I|Z/15) > 0.

(109)

We first discuss the constraints for the active C2ZHDM. In
Fig. 7, we show the allowed parameter regions in the (1/s,
my) plane for each fixed value of f, i.e., 500, 1000, and
3000 GeV, and infinity (only for the right panel), where
f = oo corresponds to the limit of the E2ZHDM. We take
cos @ = 1 (left) and 0.99 (right). In both panels, my= = my
and tan f = 1 is taken while M is scanned in a wide enough
range so as to maximize the allowed parameter region. The
solid and dashed curves, respectively, show the case of
my = my and my scanned within m, + 500 GeV. We can
see from the left panel that there is an upper limit on /s of
about 2, 4, and 13 TeV in the case of f = 500, 1000, and
3000 GeV, respectively. The dependence on m, for these
limits is negligible in the range m, < 1 TeV. If we look at
the right panel, we find the limits not only on +/s but also
on m,, except for the case of f = oo in which the limit on
/s vanishes as we expect in the E2HDM. It is also
observed that a bit milder bound on /s and m, is given
in the case where we relax the mass degeneracy between
my and my (dashed curves).

In Fig. 8, we show the case for M = 0 by retaining the
same configuration used in Fig. 7. Clearly, a stronger
constraint on the (/s, m,) plane is provided as compared to
the case with scanned M. According to Ref. [10], no M
term can be generated by the C2HDM potential if the
fermions fill the fundamental 6-plet representation of the
SO(6) group, while a nonzero value of M can be obtained
in the C2HDM with traceless symmetric 20-plet fermion
representations.

In Fig. 9, we show the allowed parameter region in the
(tan 8, my,) plane in the case of cos@ = 0.99, m, = my-=,
and /s = 3 TeV. The value of M is scanned in the left
panel while it is fixed to be zero in the right panel. Similarly
to Fig. 7, the solid and dashed curves show the case of
my =my and my scanned within my + 500 GeV,
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FIG. 9. Constraint on the parameter space in the (tan , m,) plane from unitarity and vacuum stability in the case of cos @ = 0.99,
/s = 3000 GeV, and my= = my for f = 1000 GeV (blue) and f = 3000 GeV (red). The lower-left region from each curve is allowed.
The left panel shows the case with M to be scanned, while the right one shows the case with M = 0. We take the value of my to be equal
to m, for the solid curves, while we scan it within the region of m, £ 500 GeV for the dashed curves.

respectively. The case f — oo is almost the same as the case
with f = 3000 GeV. We find in the left panel that the case
tanf = 8 gives the weakest bound on m,, while for
tan# 2 10 the bound gets stronger. For the case M = 0,
the bound is stronger than the case shown in the left panel.

In Fig. 10, we show the allowed parameter region in
the (m,, my) plane in the case of mpy: =m, and
/s = 3000 GeV. The values of (cos, M) are fixed to
be (1, my) for the upper-left, (0.99, my), upper-right, (1, 0),
lower-left (0.99, 0), and lower-right panels. For the upper
two panels, the region inside the two curves is allowed by
unitarity and vacuum stability, where the lower (upper)
curve is given by the constraint from vacuum stability
(unitarity). From the upper two panels, we learn that a too
large mass difference between m, and my is not allowed by
either the unitarity or vacuum stability constraint. In
addition, if we consider the case for cos & = 0.99 (upper-
right panel), only the region with small masses of m, and
mpy, i.e., less than 1 TeV, is allowed (we already saw this
behavior in the right panel of Fig. 7). Regarding the lower
panels, we only have an upper bound on my and m, from
the unitarity requirement, whereas the vacuum stability
bound does not give a lower limit because taking M =0
renders the 4,_s parameters positive [see Egs. (36)—-(40)].
Figure 11 is the same as Fig. 10 with the only difference

being that we take /s = 1000 GeV where also the case
f =500 GeV is allowed. The distributions here are similar
to the case at higher energy, with the effect that more
parameter space becomes available to the C2HDM with
respect to the E2ZHDM, for smaller f values.

Figure 12 is instead a remake of Fig. 10 with my+ = my.
Here, we notice that the distributions of parameter space
available in the C2ZHDM follow an opposite trend for the
same f value. We trace this back to a change of sign in A,
which therefore induces a destructive (constructive) inter-
ference (in the case my+ = my) when it was instead a
constructive (destructive) one (in the case my= = my). A
similar pattern emerges also for /s = 1000 GeV.

Finally, we briefly discuss the constraints in the inert
case. In Fig. 13, we show the allowed parameter region in
the (m,, my) plane in the case of my+ = my = m, and
/s = 3000 GeV. We take 4, = 0.1 (left), 2 (center), and 4
(right). Similarly to the upper panels in Fig. 10, the lower
and upper curves are, respectively, determined by the
constraints from vacuum stability and unitarity while
the regions inside the two curves are allowed. We see that
the vacuum stability bound becomes slightly milder in the
case of a larger value of A,, while the unitarity bound is not
changed significantly. Again, we have here swapped the
role of A and H (by requiring my+ = my = m,) as well as
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lowered /s to 1000 GeV, like in the case of the active
C2HDM, and have found similar patterns to those pre-
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viously described.

In Fig. 13 we have considered % as the lightest Higgs,

700

lower-left, and lower-right panels
T T

cos6 = 0.99
Foiom, ]
L Il Il Il Il Il ]

200 300 400 500 600 700 800
m, [GeV]
1000 — .

cosf = 0.99
9001 pm=o 1
800 g
700 §=500 GeV 4
600 f B

1=3000 GeV
500 B
4001 B
3001 B
200 | | | | | ]
200 300 400 500 600 700 800
m, [GeV]

Same as Fig. 10 with /s = 1000 GeV.
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spectrum is possible. For example, we have checked that
for my = my, = 100 GeV the upper limit from unitarity on

my (= mpy-=) is about 700 GeV. So, a dark-matter-motivated

but a choice of parameters leading to a different mass b
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IV. CONCLUSIONS

We have studied the bounds from perturbative unitarity
as well as vacuum stability in a C2HDM based on the
spontaneous breakdown of a global symmetry SO(6) —
SO(4) x SO(2) at the compositeness scale f. We have
shown that the ensuing eight pNGBs can be regarded as
two-Higgs doublet fields and have derived the kinetic
Lagrangian according to the CCWZ method. We have
assumed the same form of the Higgs potential as in the
E2HDM with the softly broken or exact Z, symmetry,
where all the parameters in the potential are taken to
be free.

In this construction, we have calculated the S-wave
amplitude for the elastic two-to-two-body (pseudo)scalar
boson scattering processes. We have explicitly shown that

the amplitude grows with /s in the W W; — W; W}
(equivalently GTG™ —» G*G™) and the H"H~ - H"H~
processes as examples, so that unitarity is broken at a
certain energy scale depending on the scale f. We have
compared the allowed parameter region from the perturba-
tive unitarity bound in these particular channels using the
exact formulas and those neglecting O(1/s) and/or O(s°&)
terms. We have found that the results using the exact and
the approximate formulas agree well in the region of /s >
mg (® = H, A or H¥) and mg, < 1 TeV which is motivated
for the LHC phenomenology. Therefore, the contribution
from O(s°¢) and O(s~!) terms can be safely neglected as
long as we focus on this parameter region, and it allowed us
to get the explicit analytic expression for the eigenvalues of
the S-wave amplitude for all the possible two-to-two-body
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(pseudo)scalar boson scatterings, namely, 14 neutral, 8
singly charged, and 3 doubly charged states.

We then numerically demonstrated the allowed param-
eter space from the unitarity bound using all the afore-
mentioned scattering channels and the vacuum stability
bound as well. In this analysis, we set the mass of the SM-
like Higgs boson 4 to be 125 GeV, the hVV coupling to be
close to the SM value (as the discovered Higgs boson is
consistent with the SM Higgs boson), and taken the masses
of the CP-odd and charged Higgs bosons to be degenerate,
i.e., my = my+ (a condition compliant with EW precision
data). We have also checked how results change by
requiring my = my+. We have discovered significant
differences of the allowed parameter space in the
E2HDM and C2HDM that can be exploited in order to
phenomenologically separate the two-Higgs scenarios. The
main result that we have found is the following. If we take
the no-mixing limit between s and H, i.e., cos€ = 1 and
take the degenerate masses of all the extra Higgs bosons
then we got the upper limit on /s under the scan of M?,
e.g., /s <2,4,and 13 TeV for the case of f = 500, 1000,
and 3000 GeV, respectively, as we have already seen this
behavior in the particular scattering channels GG~ —
G*G™ and H"H™ — H"H~. If we consider the nonzero-
mixing case, e.g., cos @ = 0.99, we got the upper limit not
only on /s but also on mg. Typically, we obtained the
upper limit on mg in the nonzero-mixing case to be
O(1) TeV, but this can become stronger depending on
the choice of the values of tan and M>. We also have
considered the case with relaxed mass degeneracy, i.e.,
my # my. In particular, for the case of my: = my = M we
have observed that a somewhat larger mass region becomes
available to the extra Higgs states H, A, or H* in the
C2HDM with respect to the E2ZHDM, the more so the
smaller f. We have checked that similar behavior is seen in
the case of my+ = my = M. However, if we take mpy: =
my and M = my,, a larger value of f gets a larger allowed
parameter space. This is true irrespective of whether we
assume the additional doublet (with respect to the SM-like
one) to be active or inert.

Hence, a thorough investigation of the Higgs mass
patterns that may emerge at the LHC could enable us to
find hints of a C2HDM hypothesis and to distinguish it
from the E2HDM one. Also, from the analysis of the
various scattering processes, one can infer the value of the
compositeness scale f. This, however, requires the calcu-
lation of both production and decay rates of the various
Higgs states, a task which we postpone to a separate
publication.

2
% d,hk - 9 [(hg — ih3)W,5 + (hi + ih}) W]

(dfll)ﬂ == 2f

_ V2,

PHYSICAL REVIEW D 94, 055017 (2016)

Finally, before closing, we would like to mention that our
hybrid construction of the C2ZHDM—wherein we are using
the same form of the scalar potential as in the E2ZHDM
except for the “kinetic” term which is taken to be the first
order of a chiral expansion—makes it difficult to extract
trustable hints about the nature of the underlying dynamics
of compositeness. In adopting such a choice for the scalar
potential, we are clearly inducing a model dependence in
our approach. However, by choosing the most general CP-
conserving 2HDM potential which is phenomenologically
viable and highlighting the parameter space regions
where differences can be found between the E2HDM
and C2HDM, our work will inform the choice of how to
construct a realization of a C2ZHDM (in terms of underlying
gauge symmetries, their breaking patterns, and the ensuing
new bosonic and fermionic spectra) that is notably different
from the E2ZHDM. In essence, our findings will serve as a
useful tool to take into account the constraints from
perturbative unitarity in generic composite Higgs models
with two-Higgs-like doublets. Namely, if one calculates the
CW potential in a given configuration of composite Higgs
models, then all the parameters in the Higgs potential can
be written in terms of those belonging to the composite
sector (such as masses and couplings of strong resonances).
Using such parameters, one can then easily apply the
formulas of the unitarity bounds given in our paper to a
C2HDM with a proper CW potential.
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APPENDIX: KINETIC TERM

According to the prescription developed by Callan,
Coleman, Wess, and Zumino [13], the kinetic Lagrangian
in nonlinear sigma models is expressed in Eq. (6). In this
expression, each of the d,’s defined in Eq. (7) are calculated
in the SO(6) —» SO(4) x SO(2) model by

1 2
<§ - sin29W> hg,Zﬂ - thAﬂ + O(I/fS),

7 (A1)

f
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(Jg,)ﬂ = —\/758,,% - i% [(hg — k)W, — (hg + ih3)Wy] + \/igz (% - sin29W> hiZ, + %h;A# +O(1/£%), (A2)
(d3), = —Qa W+ L2 = iYW+ (2 + ik W3] — L2 niz, + O(1/f3) (A3)

alu f u'ta 2f a a i a a " \/if a‘u )
(db), = —Qa W+ i (B2 = k)W = (B2 + ih)W2) + -2 137, + O(1/f3) (A4)

au f n'ta 2f a a " a a " \/_2‘f asu .

These expressions can be rewritten as
i(dl), + (d2), = —; [a,,wg - i%¢gwg —ig, G - sin29W> wiZ, — iew;LAﬂ] +O(1/13), (A5)
3 i 2 : :

—l(d?l)ﬂ + (di)u = } {E)ﬂqﬁg - 17§ij; + lgz_z SZ”] +O(1/f3), (A6)

where ¢ = (ht — ihl)/V/2.
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