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We consider the possibility of a light composite scalar boson arising from mass mixing between a
relatively light and heavy scalar singlets in a see-saw mechanism expected to occur in two-scale
Technicolor (TC) models. A light composite scalar boson can be generated when the TC theory features
two technifermions species in different representations, Ry and R, under a single technicolor gauge
group, with characteristic scales A1 and A,. We determine the final composite scalar fields, ®; and

®,, effective theory using the effective potential for composite operators approach. To generate a light
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composite scalar it is enough to have a walking (or quasi-conformal) behavior just for one of the
technifermions representations.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
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The nature of the electroweak symmetry breaking is one of the
most important problems in particle physics, and the 125 GeV new
resonance discovered at the LHC [1] has many of the character-
istics expected for the Standard Model (SM) Higgs boson. If this
particle is a composite or an elementary scalar boson is still an
open question. Many models have considered the possibility of a
light composite Higgs based on effective Higgs potentials as re-
viewed in Ref. [2]. The reason for the existence of the different
models (or different potentials) for a composite Higgs, is a conse-
quence of our poor knowledge of the strongly interacting theories,
that is reflected in the many choices of parameters in the effec-
tive potentials. On the other hand the composite scalar boson mass
can be calculated based on the dynamics of the theory [3], and
this approach, although more complex, is more restrictive than the
analysis of potential coefficients in several specific limits. Recently
Higgs see-saw models have been proposed to explain possible de-
viations from the SM predictions [4]. In this paper we consider the
possibility of a light TC scalar boson arising from mass mixing be-
tween a relatively light and heavy composite scalar singlets from
a see-saw mechanism expected to occur in two-scale TC models
[5,6].
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We will consider the formation of a light composite scalar bo-
son when the TC theory features two technifermion species in
different representations, R1 and R, under a single technicolor
gauge group, with characteristic scales A1 and Aj. To determine
the final effective theory for scalar composite fields [7], ¢1 and ¢2,
we will review a few aspects of Ref. [8]. We start presenting the
effective Lagrangian derived in Ref. [8] in the case of only one vari-
ational effective composite field ¢
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where the final effective Lagrangian of Eq. (1) comes out when we
normalize the scalar field ¢ according to [8]

d=[2D]"1¢. (2)

This normalization appears when we consider the effect of the ki-
netic term in the effective action [8].

The index « in Eq. (2) is related to most general asymptotic
fermionic self-energy expression for a non-Abelian gauge theory
[9,10]:

2 —y cos(a)
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describing all possible behaviors of any generic strongly interacting
theory as discussed in the sequence. For & =1 we obtain the form
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of the effective potential associated to the asymptotic self-energy
behavior predicted by the operator product expansion (OPE) [11]

3
=M (p?) ~ % (4)

and for o« = 0 we obtain the corresponding result to the following
asymptotic expression

2O p?) ~ u[1+bg2@AIn (p/12)] (5)

The self-energy vary between these two extreme expressions as we
change the number of fermions in the theory and when effective
four fermion interactions start being important [12].

The asymptotic expression shown in Eq. (5) was determined
in the appendix of Ref. [13] and it satisfies the Callan-Symanzik
equation. It has been argued that Eq. (5) may be a realistic solution
in a scenario where the chiral symmetry breaking is associated to
confinement and the gluons have a dynamically generated mass
[14-16]. This solution also appears when using an improved renor-
malization group approach in QCD, associated to a finite quark
condensate [17], and it minimizes the vacuum energy as long as
ng > 5 [18]. In Egs. (3), (4) and (5) u =~ A, where A is the char-
acteristic mass scale of the strongly interacting theory forming the
composite scalar boson, w is the dynamical mass and is not an ob-
servable, moreover, from the QCD experience we may expect that
they are of the same order. g is the strongly interacting running
coupling constant, b is the coefficient of g3 term in the renormal-
ization group B function, ¥ = 3c/1672b, and c is the quadratic
Casimir operator given by ¢ = % [C2(R1) + C2(R2) — C2(R3)] where
C»(R;j), are the Casimir operators for fermions in the representa-
tions Ry or R, that form a composite boson in the representation
R3. We will consider only SU(N) theories and the different o val-
ues in the interval of 0 to 1 will correspond to different self-energy
behaviors, going from the extreme walking (or almost conformal
SU(N) theories [19]) to the standard OPE one [8].

The couplings ()»Sf,)R) are given respectively by [8]
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in these expressions [8]
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where we defined 8 = bg?, o, is the coupling constant of the
technicolor interaction that forms the scalar composite.

Walking technicolor theories can have fermions belonging to
different technicolor representations and, therefore, may have two
different scales with characteristic chiral symmetry breaking scales
A1(R1) < A2(R2). In this proposal we are assuming that tech-
nifermions are in the representations Ry and R, under a single
technicolor gauge group as described in Ref. [5]. In the model pro-
posed by Lane and Eichten, it is assumed that the TC running
coupling constant is given by

arc(p?) =az whenp > Ay

2 -1
arc(p®) =en [1 +foIn (%) 6(p* - A%)}

1
when A1 <p < Ay

where @y = @(R2) = 3cipyy, @1 = «(R1) = 557y and ) =
%(11NTC—4N1) and N;p are technifermions doublets in the repre-
sentation Ri. Note that the N; and N, doublets of technifermions
belong to the complex TC representation R1 and R, with dimen-
sionality dy < d;. For a large enough number of N;i doublets it is
possible to obtain A{(Rq1) << Az(Ry) [5] (or the decay constant
F{ << F3) because

2 b -1 e
A_1NEXP(4(11NT6—4N1)[O( (Ry) —a (Rﬂ]), (1n

in this case we can assume that the asymptotic technifermions
self-energy behavior in representation Ry can be described by
Eq. (4), this hypothesis can be verified with the numerical results
obtained in [5], where in the case (a) R, = A, (second rank anti-
symmetric tensor representation), Ny =6, N, =2 for Nyc =5, and
we have F,/F1 ~ 7.7. In Ref. [8] we have shown that the decay
constants for the different asymptotic behavior of the self-energies
(Eq. (4) [@ =1], Eq. (5) [@ =0]) are given by

2
2 _ aN Agc
ndiFa_(1+ 2) 7@ (12)
where ny, corresponds to the number of doublets of technifermions
in the representation i = 1, 2. Therefore, for a two scale TC model
this relationship implies

VNoFy | [220 Ay (13)
' NiFq 3Z0 Aq°

Considering Eq. (10), together with the choice of parameters pre-
sented in the previous paragraph, the above expression leads to
F,/F1 ~ 7.3 in agreement with the numerical value described be-
fore. Therefore, for the analysis that we shall present in this work,
the asymptotic expressions (Eq. (4) [ = 1], Eq. (5) [@ =0]) are a
good approximation for determining the scalar spectrum of these
type of two scale TC models.

At low energies we have an effective theory containing two
different sets of composite scalars ¢1 and ¢,, and like the ones
described in Ref. [5], we will assume an ETC gauge group contain-
ing N technifermions doublets in the fundamental representation
Ry = F, and N, technifermions doublets, assuming N, = 1 for
R, representations (2-index antisymmetric A,, 2-index symmet-
ric Sz). The phenomenology of these type of models was already
described in Ref. [5].

The fermionic content of the model that we will discuss contain
two multiplets of technifermions in the representations R; and Ry
of the type
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Fig. 1. ETC (effective four-fermion) contributions to the mixing of scalars in the rep-
resentations Ry and R;.
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where (a) is a technicolor index and (i) is a flavour index. In this
type of theory the ETC group would be SU(Ngrc) D SU(Ntc + N1 +
N>), and in order to incorporate the mixing between ¢ and ¢, we
must take into account the contributions of the ETC as displayed
in Fig. 1. Remembering that the self-energy can also be related to
the solutions of the Bethe-Salpeter equation, we can observe that
the scalar boson ¢1, formed by the fermions in the representation
Rq receive contributions of the condensates of the two different
representations, as shown in Fig. 1.

We can detail a little bit more the comment of the previous
paragraph and the behavior of the diagrams in Fig. 1. The Qq
techniquarks will receive a dynamical mass due to the usual TC
contribution and to the two diagrams in Fig. 1, that we indicate by

2o, (P) 2, (p) +{Tq, +£3q,, (14)

where ¢ and & are calculable constants. In the above expression
the first one is the usual TC contribution due to condensation of
Q1 techniquarks in the representation Ri. The second comes from
the ETC interaction with Q3 techniquarks condensating in the rep-
resentation R, and the third one is the Q1 contribution from ETC
interactions. Suppose now that the Qi techniquarks self-energy
does not have a walking behavior, i.e. Xq, (p?) is given by Eq. (4),
therefore the Q1 ETC contribution to Xq, (p), Fig. 1b will be giving
by [10]
A3
squaO(AT])<<1, (15)
ETC
which is totally negligible.

We can now consider the effect of Q, technifermions in the
representation R». This contribution is represented by the diagram
of Fig. 1a, where we may have an extreme walking behavior for the
Q- technifermions. In this case the correction due to ETC will be
dominated by a self-energy of the type given by Eq. (5) resulting
in [10]

2 V2
S0, A2 (C_ (w) ) (16)
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Therefore the ETC correction (£Xq,) plays a role similar of a
bare mass term for the Xq,(p) self-energy, i.e. a very hard self-
energy! A similar reasoning may also be applied to the Xq,(p) =
E(TZS(P) + K Xq,. Although only one of the technifermions represen-
tations of one given TC group has a walking behavior and this group
belongs to an ETC theory, at the end both technifermions representations
will have asymptotically hard self-energies. In the following we will
consider that the technifermions associated to the representation
Ry are in the fundamental representation with a self-energy be-
having as the one of Eq. (4), and ¥q,(p) ~ Eag(p) behaving as
Eq. (5).

The different terms that are going to appear in the effective
action are momentum integrals of different powers of the self-
energies X (p) [7], which are going to be represented as [¢; Z;(p)]",
where ¢; acts like a dynamical effective scalar field (expanded
around its zero momentum value) [8,13], and it is interesting to
verify how it is going to be the behavior of the Ef‘(p) term (as
a function of the momentum), which is the leading term of the
effective potential [8,13]. The fourth power of the self-energy asso-
ciated to the fields ¢1 and ¢,, where the index 1 will be related to
technifermions with (in principle) a soft self-energy (o = 1), and
the index 2 will be related to technifermions in a representation
Ry =S5 or Ry = Ay, with a hard self-energy (a = 0), will be writ-
ten as

21 (pH = (A1 f (D) + agrcA2)* ~ A f4(p)
+ 4aETCA?A2f3(p) + Ga%TCA%AéfZ(P) + -

pz =4y,
23(p?) = A3 [1 + Bo(R2)In (A_>]
2

where we defined f(p) = A%/p2 and agrc is the ratio of Casimir
operators and couplings of Eq. (16).

After some lengthy calculation, that follows the same steps de-
lineated in Ref. [8], we obtain the following effective Lagrangian
using the self-energies described previously

1 1
Q(<I>1,<I>2):fd4x |:§3Mq>]3llq>] +§3MCD23M®2

R4 R R1,R2
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A A
— O T ﬁmg} . (17)
4 4

In Eq. (17) we included the contribution of the kinetic terms in
the effective action [13]. The inclusion of these terms lead to the
normalization condition

Pi
b= 18
AV ATEITY) (18)
and the coefficients Ai"ﬁ and Afl’Rz are the following
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where for the representations i = 1,2 we have

b; = W (11Nc — 8T (R;)N;)
- 3cR
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1
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48w
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in the previous expressions we assume the MAC hypothesis and

the normalized constants Aﬁ 6n and Ai}’RZ are identified as

A =aRiZ2(Ry)

a2 =24 Z(RZ(R2)

Al =A8Z3(Ry) (21)
and the normalization coefficients Z(R;) are

2

167
Z(R1) = NN 1 —=p51n)

872B2(2y2 — 1)
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The most important characteristic of this effective Lagrangian is
the mixing term

Y2\ 2
3NtcN;  C aerc (A2
Afl'Rzz TC 1( ETC( Erc( ETC)) ) . (23)

272 Car, \ arc (AIZ:'TC)

Z(R2) = (22)

This mixing is the one that defines the splitting between the ef-
fective fields ¢1 and ¢y, as discussed by Foadi and Frandsen [6],
whereas within the approach taken in this work their parameter §
[6], characterizing the mixing in the mass matrix, is

R1,R2
)‘4n

Vi
We emphasize that this mixing appears naturally in a two-scale TC
model, where it is enough that one of the scales, and the fermionic
representation associated to it, has an extreme walking behavior
and the TC group is embedded into an ETC theory. In this work
we will be considering two different situations for technifermions
in R, representation, case (a) [with R, = Az, N, =1, N; =10] and
case (b) [with Ry = S3, Ny =1, Ny = 8]. This choice of fermionic
content guarantees the preservation of asymptotic freedom and
walking behavior.

In the case of a large mixing we certainly can obtain a light
scalar composite boson with a few hundred GeV mass. We show,
as an example, in Fig. 2 the behavior of the parameter § in the
case (a).

Considering Eq. (11), and F, ~ 250 GeV, we note that the scale
Ay is defined by

5= (24)

2
AZ

2
N2F2 == ﬁ

(25)

which leads to
A 2nFy/BRy —1) 0(TeV) (26)
2= ~ .
~/N1c ~/Ntc

Finally, assuming

92Q(d))
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= =] ; 27
b; 8@12 | Drin ( )

we obtain
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Fig. 2. In this figure we show the behavior of the mixing term & as a function
of Nrc (x-axis) and Agrc (y-axis). The figure corresponds to the case (a), where
Ry = Ay, Np =1, N1 = 10. From this figure it is possible to verify that for the region
compatible with the experimental limit on to Higgs mass (see Fig. 3), § ~ 0.4 and
Agrc > 500 TeV.

R;

M2~ (Fan (28)

[oF ~ 4n ;klzi :
6n

We can write the following mass matrix in the base formed by
the composite scalars (®1) and (®3)

M2 M35
M3 & =< ! 12 ) (29)
5 2 2
12\ sm2, M3

The eigenvalues of this matrix provide the mass spectrum for

the light scalar (Hy) and heavy (H3), including the mixing effect
parametrized by 8, where

ARi
2 R; 4
Mj =20y, ()\%)

6n
M2, = M1 M,. (30)

From the above equations we can determine the mass spectrum
for the scalar bosons, H1(R1) and H3(R3), which are the diagonal-
ized masses of the scalars ®; and ®; and these results are shown
in Figs. 3 and 4, where we present the mass spectrum obtained for
the light and heavier composite scalars H1(R1) and Hz(R3) in the
cases where Ri =F, Ry =A; or R, = S>.

In this work we have computed an effective action for a com-
posite scalar boson system formed by two technifermion species
in different representations, R; and R;, under a single technicolor
gauge group with characteristic scales Ay and A, as the origi-
nal proposal presented in Ref. [5]. The calculation is based on an
effective action for composite operators [8], the novelty of the cal-
culus presented in this work is that we included technifermions
in different representations, Ry and R, under a single techni-
color gauge group. Our main results are described in Figs. 3, 4.
The mixing between the composite scalar bosons ®; and ®; is
responsible for generating a light scalar composite of a few hun-
dred GeV mass. A particular example of the values of this mixing
is shown in Fig. 2. To obtain a large mixing it is enough that one
of the technifermions representations has a walking behavior and
the TC group is embedded in an ETC theory. At the end the tech-
nifermions of both representations will have asymptotically hard
self-energies.
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Fig. 3. The light composite scalar H; and heavier composite scalar H, regions of
masses as a function of the parameters Nyc and Agc in the case (a), which is
similar to the one considered by Lane and Eichten in Ref. [5].

For a set of parameters similar to the ones used in Ref. [5] in
the case R, = A,, we obtain the same TC group necessary to gener-
ate the walking behavior, SU(6)1c, leading to My, ~ O(100) GeV.
This result reinforces the validity of hypothesis discussed below
Eq. (13), and this is a consequence of the walking (or quasi-
conformal) technicolor theory. Furthermore, the large anomalous
dimensions y;,; enhance light-scale technipion masses, My1 >
Mp1 — Mw, where technirho mass My1 ~ 250 GeV. The differ-
ence between the results obtained for the representations Ry = A,
and R, = S, is that in the A, case we obtain a light scalar mass
only with a large ETC scale (Agrc > 103 TeV). For the heavy scalar
bosons obtained with R, = S, or R, = Ay we expect the mass to
be in the range [1200-1300] GeV.

It is interesting to shortly digress the case where this light
scalar composite could be related to the 125 GeV scalar reso-
nance found at CERN. The observed boson has couplings to the
top and bottom quarks of the order expected for a fundamental
SM Higgs boson. The fermionic couplings in a realistic composite
scalar model will involve the ETC group and a delicate alignment of
the Hy and H; vacua, where only H, may resemble a fundamen-
tal scalar. Our model is far away from a realistic model since we
have not defined a specific ETC theory. However we can imagine a
theory where the fermionic masses are not generated as usual, by
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Fig. 4. Light (H) and heavy (H;) scalar composite region of masses in the case (b)
[Ry =S3, N2 =1, N1 = 8] as a function of the parameters Nyc and Agrc.

different ETC mass scales, but a horizontal symmetry is introduced,
as in [20], where the top quark (or the third fermionic genera-
tion) obtains its mass associated to a large ETC scale, or coupling
mostly to the Hj scalar composite, without generating undesir-
able four-fermion interactions incompatible with the experimental
data. We have also to remember that when QCD is embedded into
a large ETC group together with the different TC fermionic rep-
resentations, we actually will be dealing with tree different set
of scales, all of them with possible hard asymptotic contributions
to the self-energies due to the mechanism discussed here, where
the horizontal symmetry will act in order to provide the desirable
fermionic couplings with the different scales. Of course, a detailed
model in this direction is not easy to obtain and is out of the scope
of this work.

In Ref. [16] we considered the possibility of generating a light
TC scalar boson based on the use of the Bethe-Salpeter equation
and its normalization condition, as a function of the SU(N) group
and the respective fermionic representation. In that work we dis-
cussed how difficult was to generate a light scalar composite; what
was possible, for example in the case of fermions in the funda-
mental representation, only for a specific (and large) number of
fermions and moderate Npc. In this work we discuss a different
possibility for generating a light composite in a type of see saw
mechanism in a two-scale TC model, and a small scalar mass is
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again generated in similar conditions. It is possible that the mix-
ing mechanism that we propose here may be extended to models
with more than one TC group, although it is also possible to envis-
age that in this case we shall need a more complex ETC interaction
in order to mix the different groups.

A point to be noted is that the possibility of obtaining a light
composite scalar according to the approach discussed in Ref. [16],
first obtained in [21], is that this result is a direct consequence of
extreme walking (or quasi-conformal) technicolor theories, where
the asymptotic self-energy behavior is described by Eq. (5), this
same behavior must also be present to generate a large mixing (8),
necessary to obtain a light scalar boson mass of approximately a
few hundred GeV in a two-scale model. In this work we identified
that, regardless of the approach used for generating a light com-
posite scalar boson, the behavior exhibited by extreme walking (or
quasi-conformal) technicolor theories is the main feature needed
in any model to produce a light composite scalar boson.
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