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ABSTRACT: We calculate the vacuum stability conditions and renormalisation group equa-
tions for the extensions of standard model with a higher colour multiplet scalar up to the
representation 15’ that leaves the strong interaction asymptotically free. In order to find
the vacuum stability conditions, we calculate the orbit spaces for the self-couplings of the
higher multiplets, which for the representations 15 and 15’ of SU(3). are highly compli-
cated. However, if the scalar potential is linear in orbit space variables, it is sufficient to
know the convex hull of the orbit space. Knowledge of the orbit spaces also facilitates
the minimisation of the potentials. In contrast to the self-couplings of other multiplets,
we find that the scalar quartic couplings of the representations 3 and 8 walk rather than
run, remaining nearly constant and perturbative over a vast energy range. We describe the
conditions for walking couplings using a schematic model. With these technical results at
hand we revise earlier results of generation of new scales with large SU(3). scalar multi-
plets. Our results are easily extendable to models of new physics with additional SU(3) or
SU(N) gauge symmetries.
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1 Introduction

While the standard model (SM) fermion masses are protected by the chiral symmetry and,
therefore, are predicted to be at or below the electroweak scale that is already probed
by the LHC and earlier colliders, the scalar content of Nature might be easily extended
beyond the one presently known. An intriguing possibility is to consider scalar particles
forming higher representations of the QCD gauge group, the SU(3).. Higher multiplets
confine at a higher scale [1, 2], and one can entertain the idea that a scalar multiplet could
condense at a new scale O(TeV) and trigger the electroweak symmetry breaking via the
portal coupling to the SM Higgs boson [3]. This mechanism could provide a dynamical and



therefore natural explanation for the origin of the electroweak scale, akin to the framework
of technicolor [4, 5]. Coloured scalar multiplets may also be utilised in building UV-
complete models where complete asymptotic freedom [6, 7], i.e. a Gaussian UV fixed point
of all couplings, arises.

There has also been an interest in the phenomenological signals of higher multiplets.
The LHC signals have been studied for example for the sextuplet [8, 9] which can give rise
to a diphoton signal [10]. Both sextuplets [11] and octuplets [12-14] can arise in GUTs. In
order to have Yukawa couplings with SM quarks, a sextuplet must have non-zero electric
charge. Octuplets that are doublets of SU(2) have been considered in the literature as
well [15-17] with experimental constraints discussed e.g. in [18-21]. An octuplet could
also be seen via a di-Higgs signal [22-24]. Decay of bound states of triplets, sextuplets
and octuplets was discussed in [25]. From the cosmological point of view the higher scalar
representations of the QCD are useful to facilitate certain co-annihilation channels for
dark matter (DM) [26] that are absent for fundamental representation multiplets. Another
potential interest for higher representation scalars can be found in relation to the CP-
symmetry and possible solutions to the strong C'P-problem [27].

While being theoretically motivated and interesting, the phenomenology of higher
scalar representations of SU(3). is technically challenging to handle. To overcome this
difficulty, in this work we present a systematic study of all possible scalar colour multiplets
that can be added to the SM particle content while preserving the asymptotic freedom
of the QCD gauge coupling constant. For simplicity, we take the scalar multiplets to be
neutral SU(2) singlets.

We analyse the gauge orbit space of the scalar self-couplings to derive vacuum sta-
bility constraints for the multiplets. Detailed knowledge of the orbit space also facilitates
minimisation of the full scalar potential considerably [28]. Since the orbit space for the
self-couplings is linear in the orbit space variables, it is sufficient to use the convex hull of
the orbit space to find vacuum stability conditions. In addition, we calculate the renormal-
isation group equations (RGEs) for all the SM extensions under consideration and study
the constraints on their parameter spaces from the perturbativity of the scalar quartic cou-
plings. RGE running can induce a minimum of the potential by breaking vacuum stability
conditions at some energy scale. Therefore knowledge of vacuum stability conditions can
be used either to induce such a minimum in the Coleman-Weinberg mechanism [29] or, if
such a minimum is unwanted, find the validity scale of a model.

We find that for most representations the scalar quartics develop Landau poles al-
ready far below the Planck scale, rendering the models for dynamical electroweak symme-
try breaking via scalar colour multiplets susceptible to unknown nonperturbative effects.
However, in certain cases, in particular for the representations 3 and 8, the quartic cou-
plings of coloured scalars are very insensitive to radiative corrections and evolve very slowly,
remaining almost constant over many decades of energy. In this case the UV completion
of the model is postponed many orders of magnitude over the Planck scale where gravity
can be expected to influence the results in a crucial way.

We work out a generic description of these behaviours in terms of fixed points and
show that this is applicable to several models, including the SM Higgs boson self-coupling.



Multiplet R Casimir Co(R) Index T'(R)

4 1

3 3 3

10 5

6 3 2

8 3 3

15

10 6 15
16

15 1 10

28 32

15/ 3 Pl

21 2 35

Table 1. The quadratic Casimir and the Dynkin index for higher multiplets of SU(3).

The results presented in this paper apply to coloured scalars as well as to models with a
dark SU(3) gauge group such as the SU(3) dark matter [30-33].

The paper is organised as follows: in section 2 we delimit the models we study from
the requirement of asymptotic freedom. The self-coupling potentials and vacuum stability
conditions for higher-dimensional representations are derived in section 3. We study the
running of quartic couplings in section 4 and draw our conclusions in section 5. The
full RGEs are presented in appendix A, and in appendix B we give our bases for the
representations 15 and 15" of SU(3).

2 Higher multiplets and asymptotic freedom

For concreteness we consider the SM gauge group and particle content that is extended by
one scalar multiplet charged under SU(3).. In the choice of possible models, we require
that after adding the new degrees of freedom, the theory should remain asymptotically
free [34, 35]. The first coefficient of the S-function of the strong coupling g3 is
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where G, Ry and Ry indicate the gauge field, fermion and scalar representations, while
Ny and Ny correspond to the number of Dirac fermions and complex scalars [34-36]. For
QCD we have G = 8, and Ny = 6 in the fundamental representation with T(Ry) = 1/2.
Considering scalars in a single representation, the requirement by > 0 implies

N,T(Rs) < 33 —2N; = 21. (2.2)

From table 1, we find that for Ny = 1 the representations 3, 6, 8, 10, 15 and 15’ of SU(3)..
are allowed, while 21 breaks asymptotic freedom even when neglecting the contribution
from the SM fermions. Consequently, we extend the SM particle content by one scalar S
in a higher multiplet R among these representations.



The Lagrangian reads
L= CEFE — | HEP = mEISP — Vauaric, (2.3)
with the quartic part of the potential given by
Vauartic = A H|* + Asu|SI?|H|* + Vr(S), (2.4)

where VR (S) contains the self-interaction terms of S in the representation R of SU(3)..
The placement of indices of field tensors unambiguously distinguishes between the repre-
sentation R and its complex conjugate R, so we will omit the bar or dagger from the latter.
For example, for S? in 3, we have S; = S*. The potentials for the considered multiplets
are given in section 3 together with their vacuum stability conditions.

3 Scalar potentials and conditions for the vacuum stability

Any physical scalar potential must be bounded from below. In the limit of large field values,
it suffices to study the quartic part of the potential (2.3). The self-coupling potential
VR(S) of S can be written in terms of orbit space parameters p; associated with the
representation R as

Ve = (\s + Asipi)|S|*. (3.1)

The full potential (2.3) is bounded from below if

Ag >0, As + Agipi > 0, AsH > —2\/>\H (As + Asipi), (3.2)

for all allowed values of p;. Therefore, the problem is reduced to determining the orbit
space of p;. The number of independent invariants p; for the representations considered
here can be as large as 4 and thus the analysis can be quite involved. We will first dis-
cuss the mathematical structure of the vacuum stability conditions before moving on to
specific examples.

3.1 General considerations

Consider first the general case of N scalars S, without any reference to a particular gauge
symmetry. The quartic term of the potential is then expressed as

V= )\abcdSaSbScha (33)

where summation over repeated indices is assumed. Symmetries will restrict the number
of free parameters in the coupling tensor Agpeq. It can be expressed as

Aabed = NiLipeq, (3.4)

where the index ¢ runs over all possible contractions allowed by the symmetries of the
theory. The quartic potential can then be decomposed as

V=\NI  with Z; =1 _,5.5,5.54. (3.5)



The invariants Zi are invariant under any symmetry transformations of the theory, in
particular under gauge transformations.
The potential is bounded from below, if for all possible field values — equivalently all
values of Z; — we have
V=NZ; > 0. (3.6)

There exists always at least one invariant Zg = |S|* that arises from the norm of the field.
From the point of view of vacuum stability, the element Z; is equivalent to aZ; with «
positive. This provides the space of Z; naturally with the structure of a projective space.
This projective space is the orbit space. To remove the redundancy, we can fix one of the
non-negative elements, for example require that Zgp = 1. Equivalently one can work with
the normalised orbit space parameters,

Z;
— 3.7
Pi T, ( )
with pp = 1, so, as in eq. (3.1), we can write
V= Xipil S|, (3.8)

and V' > 0 if \jp; > 0. In the rest of the paper we will represent the orbit space by the
space of all possible configurations of p;. It is straightforward to estimate the shape of the
orbit space numerically by first determining a minimal set of independent invariants Z;,
normalising them to obtain p;, and then performing a numerical scan by evaluating the

points (p1, p2, . ..) for a large set of random field configurations S,.
A

If the vacuum stability condition A;p; > 0 is satisfied at two points p;*, pf;, then it is

also satisfied at any point on a line connecting these two points:

Xipf >0, XipP >0 = N(pf + (1—n)pf) >0, (3.9)

1 If the potential depends linearly on the orbit

where 1 € [0,1] is an affine parameter.
space parameters, which is always the case for the self-couplings of a single multiplet, then
eq. (3.9) implies that to determine whether the potential is bounded from below, one needs
to know only the convex hull and not the exact shape of the orbit space itself. Knowledge
of the orbit space or its convex hull also greatly facilitates minimisation of the full potential
together with mass terms.?

In the simplest case, the convex hull is a simplex. Because any point of the simplex
can be given as a linear combination of its vertices, then by (3.9), it is sufficient to require
Aipi > 0 not at all points of the orbit space, but only at the finite number vertices of its
convex hull. If the convex hull of the orbit space is not a simplex, then it is always possible
to approximate it with a simplex to an arbitrary accuracy, yielding a large number of
approximate vacuum stability conditions. There exist well established numerical algorithms

to find the convex hull of a set of points.

The condition for non-normalised invariants would read naZ* +nsZE > 0 for any positive 4, nz. The
condition Zop = 1 implies, however, that n4 +np = 1.

2That minima of the potential are likely to be on the cusps on the boundary of the orbit space was
pointed out in [28] and later described in a qualitative way to lie on its convex hull in [37].



It is also possible, however, to find analytically at least a part of the orbit space, in
particular its vertices. The field configuration SV at a vertex has to satisfy [38]

pi

a5V

=0, (3.10)

for all i and a. This can be seen by considering a field configuration SV at a vertex pl‘-/.
By continuity in p;, a small deviation of the field SY + €55, results generally in a small
deviation pY + €dp;, where € is an infinitesimal quantity. On the other hand, this deviation
can not move the point out of the orbit space. Because the vertex is an object of dimension
zero, the only way to guarantee it, is to require dp; = 0. The vertices of the orbit space may
or may not coincide with the vertices of its convex hull. For example, there may be vertices
in concave parts of the orbit space, i.e. sticking in, not out. Also note that eq. (3.10) gives
a necessary, but not a sufficient condition.

Based on the similar reasoning it is possible to study the edges, faces, and in general,
k-faces of non-simplicial convex hulls. To this purpose consider the rank of the matrix
o pi
08,

Its value corresponds to the dimensionality of the k-face of the convex hull, e.g. if the rank

Jia (3.11)

of Ji, is 0, then the solution S, gives a vertex, and rank(J;,) = 1 corresponds to an edge.
Eq. (3.11) gives a necessary, but not sufficient condition. It is possible to simplify (3.11)
by using gauge rotations to set a number of field components to zero.

3.2 Vacuum stability for the representations 3 and 8

In case of the representations 3 and 8 only one self-interaction term exists. In detail, for
the S* in the representation 3 of SU(3) the potential reads

Va(S) = As(S8iS")?, (3.12)

where S; = ST'. The representation 8 of SU(3) consists of Hermitian and traceless matrices

S; and the general quartic term is®

Va(S) = \g(tr 52)2. (3.13)

Both orbit spaces therefore contain a single point and thus the vacuum stability condition
for the self-interaction potential (3.13) simply reads

Ag > 0. (3.14)

3.3 Vacuum stability for the representations 6 and 10

Both the representations 6 and 10 have two independent quartic terms. The representation
6 is given by the symmetric matrix S%. The self-interaction potential for the S* in the 6
of SU(3) is

Ve(S) = As(tr ST8)% + \g; tr STSSTS. (3.15)

%Note that since 8 is Hermitian and traceless, singlet under SU(2); and neutral, its self-interaction
potential contains a single term. In general, there would be several more terms, as in [15], for example.
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Figure 1. The orbit space of the representation 15’ is shown in green. Dark green represents the
region where a U(1) subgroup can be preserved. An SU(2) subgroup is only preserved on the cusp
p1 = p2 = 1. The convex hull of the orbit space is a simplex. Its borders are shown with lines
joining the vertices of the orbit space.

The matrix S can be diagonalised inside the traces, so the orbit parameter has the form

_testests Y, (dilt (316)
C(trstS)2 (X |diP)Y '

where the summation runs over the three eigenvalues d; of the matrix S. It is now straight-
forward to demonstrate that ppin = 1/3 and ppax = 1. The minimum is obtained for all d;
equal, the maximum is obtained if one of them is non-zero and the rest are zero. The orbit
space is therefore the interval p € [1/3,1], which is a one-dimensional simplex, and the
sufficient and necessary conditions for stability of the vacuum correspond to its endpoints:

1
As + Ag1 > 0, As + g)\gl > 0. (3.17)

Likewise, the potential for the representation 10 can be written in terms of the positive
symmetric matrix MZJ = S;1 57k as

Vio = Ag(tr M)? + Agy tr M2. (3.18)

By the same argument, also here pmin = 1/3 and pmax = 1 and the vacuum stability
condtitions are identical to (3.17).

3.4 Vacuum stability for the representation 15’

The representation 15’ forms a completely symmetric 4th order tensor S“*. Tts self-
interaction potential is given by

Vis (S) = As(SijarS*)2 + Xs1S:ikpS 7 0 Stmng S™™ + X525 jmn S P Skppg SE™™.  (3.19)



The ranges of the two orbit space parameters can be understood if we recast the poten-
tial (3.19) as
Vis (S) = Ag(tr M)? + \gy tr M2 + g tr M2, (3.20)

where Mé’ = Z-jkpSijkq and MI’)ZW = S’ijmnSiqu. The combination Mé) is a 3 X 3 matrix
and Ml’jzm can be treated as a multi-index 6 x 6 matrix. Note that tr M = tr M’. Therefore

tr M2 tr M2

P1= (U"T)T p2 = W, (3.21)

and by the argument of the previous subsection, the two orbit parameters are bounded
by 1/3 < p1 <1 and 1/6 < p2 < 1. Alas, since the elements of the matrices M and M’
have non-trivial dependencies due to their construction from S“* they do not provide
an easy way to find the true shape of the orbit space within the rectangle defined by
these inequalities.

Using the condition (3.10) we have determined that the orbit space has four vertices
at the points g1 = (1,1), pip = (1/3,47/135), pir = (1/3,1/6) and prv = (1/2,1/3). The
convex hull of the orbit space coincides with the simplex built from these four points. In
conclusion, we obtain the following necessary and sufficient vacuum stability conditions:

I: As + Ast + Ag2 > 0,
1 47
II - As+ =As1 + —=Ag2 >0,
3 135
1 1 (3.22)
Il : Mg+ g)\Sl + 6A52 >0,
1 1
IV : As + 5)\51 + g)\sg > 0.

The orbit space and its convex hull are depicted in figure 1. The orbit space was evaluated
by a numerical scan over random field configurations. We found that the orbit space can be
covered by considering only a subset of possible field configurations given by non-vanishing
values for the parameters a1, as, ai1, a13, a5 as defined in appendix B.1 with the remaining
elements set to zero. The field configurations in these vertices are not unique. However, a
representative element yielding vertex I is given by a1 = 1 with the rest of the parameters
vanishing. Vertex II is obtained for a; = 1, a5 = —1/3, a13 = 2/3, vertex III is obtained
for a1 = 1, a5 = 1/v/2, a;1 = V7/2, a5 = —/7/2, and vertex IV is obtained for a;; = 1,
a13 = —1/V3, a;5 = —1.

As a consistency check we have numerically tested whether the points pr_1v depicted in
figure 1 determine the convex hull of the orbit space, by evaluating extremal slopes of lines
passing through a given cusp pi, pi1, it or prv and an arbitrary point of the orbit space.

It is interesting to study how the orbit space relates to symmetry breaking [28, 39—41].
For example, if an SU(3) fundamental (triplet) scalar should obtain a vev, the SU(3)
gauge symmetry is always broken to SU(2). This can be seen by considering the action
of the SU(3) generators on the triplet and noting that the three generators whose action

4This amounts to finding the extrema of the quantity (p1 — p})(p2 — p3), where (pi, p3) is a fixed cusp
pr, pi, pr or prv and (p1, p2) is a function of the field.



vanishes obey the Lie algebra of SU(2). This method can be easily extended to higher
representations that allow for more complicated symmetry breaking patterns. Up to gauge
transformations, for 15’ the only VEV invariant under SU(2) is given by a; # 0 and all
other elements zero. We saw above that the breaking pattern SU(3) — SU(2) corresponds
to a single point of the orbit space: the cusp g1 = (1,1). Field configurations symmetric
under a U(1) subgroup populate the dark green area in figure 1, and any field configuration
corresponding to the light green area in figure 1 will break SU(3) completely.

3.5 Vacuum stability for the representation 15

The general element of the representation 15 of SU(3) is given by a tensor S,ij that is
traceless and symmetric in the upper indices. The self-interaction potential,

Vis5(S) = As(SES7)2 + As15%,, 8" S SI™ + As2SL,, 87" S Sp!

+ As3 SIS SpSKL 4 Ngu St SF™ ST SH,

(3.23)

contains five independent terms and the orbit space is therefore four-dimensional. The
orbit parameters are bounded by
1

§<p1<1, 0<p2 <

1 1 9

- - < p3 <1, 0<ps < —. 3.24
5 3 <P PL< 15 (3.24)
The ranges of p; and p3 can be understood by writing them in terms of the matrices
Myt = Sk SI" and M = 8758y, with tr M’ = tr M” = S%S,). Then

jm*i

tr M"? tr M2
_ _ 3.25
L= P e (3.25)

and we can apply the argument of eq. (3.16) yet again. In addition,

tr M'M"”

- oM 2
tr M/ tr M’ (3.26)

P2

which yields the minimal value p = 0 if M’ and M” are orthogonal.

We obtain the minimum for ps = py = 0, e.g., for a; = 1 and all other a; = 0 (see
appendix B.2 for our basis for the 15). The maximum value of py = 1/2 is obtained for
a1z = a7 and all other a; = 0, for example. The maximum value of py = 9/16 instead
of unity is due to the tracelessness conditions on S,ij (it is obtained for a;; # 0 and all
other a; = 0).

As before, the shape of the orbit space is much more complicated than indicated by
the inequalities (3.24). Table 2 lists the six vertices of the orbit space. The vertices were
obtained by a process of educated trial and error. They can by found by using eq. (3.10)
together with taking only one or a few elements non-zero at a time. A minimal set of
elements that yields all the vertices is given by a1, a7, a9 and a11. We checked that adding

one or two additional elements at a time did not produce additional vertices.®

®Note that an SU(3) transformation allows to set seven elements to zero so the maximum number of
elements needed to produce the vertices cannot surpass eight.



Vertex p1 p2 p3 pa
1 1 1

I 3 3 35 0

1 1 1 1

II 3 35 3 3

m 4 0 1 0

1 1 1 1

v 5 3 3 3

19 7 3 9

V' 355 1% 5 16

VI 1 0 1 0

Table 2. Vertices of the orbit space of the self-couplings of S in the 15 of SU(3).

Figure 2 shows two-dimensional projections of the four-dimensional orbit space ob-
tained by a random scan over field configurations. In this case, because the orbit space
has convex curved parts, the convex hull of the orbit space is not a simplex and therefore
the vertices fail to provide sufficient vacuum stability conditions. Insertion of the vertices
listed in table 2 into eq. (3.2) yields six necessary vacuum stability conditions.

If the couplings obey the necessary requirements but fail to satisfy the sufficient criteria,
vacuum stability has to be checked on the whole orbit space. Though it would be rather
complicated to find its analytical form, the convex hull of the orbit space can be established
via numerical computation to a high precision. We use Loren Petrich’s Mathematica code
http://Ipetrich.org/Science/#CHDV to find the four-dimensional convex hull. We include
the points of the 4-dimensional convex hull of the orbit space as an ancillary file ch15.dat.
The file can be downloaded from the supplementary material attached to this paper.

4 RGE running of higher SU(3). multiplets

In this section we study the running of coupling constants for higher SU(3). multiplets. We
find that the quartic couplings have a Landau pole for all representations. It is possible,
however, to construct viable scenarios for which this Landau pole appears at scales far
above the Planck scale. We will refer to the tendency of a coupling to remain constant and
perturbative for a vast energy range as walking® (as opposed to running).

4.1 Walking in a schematic model

To better understand the concept of walking and the circumstances in which it can occur,
consider first an exactly solvable model consisting of a scalar multiplet with non-Abelian
interactions and a single quartic term. At one-loop level, its RGEs have the general form
dA

= —byg*, i bAN? — brg g A + Dageg®, (4.1)

dg?
dt
where ¢t = Inp and the coefficients are determined by the details of the theory. In the
following analysis we assume by, by > 0. The RGEs are invariant under a shift symmetry

5Similar terminology is used in the context of walking technicolor to characterise the evolution of the
gauge coupling.

~10 -
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Figure 2. Projections of the four-dimensional orbit space of the representation 15.
t — t + At and under the scaling symmetry
gi(t) = Vcgi(ct), Ai(t) = e Xi(et), (4.2)

where ¢ and At are arbitrary constants. We first find a particular solution and then use
the fact that all other solutions can be obtained by making use of the symmetries (4.2).
The first equation in eq. (4.1) is solved by

1
2
= —. 4.3
9 =0 (4.3)
Inserting it into the second equation, we find
dA - b - by -
—— =M [ L 1) A+ 2 = (A=A (A=A 4.4
dln t A < bg ) + b?} )\( +)( )7 ( )

where A\ = tA and A1 are the roots of the polynomial on the r.h.s. of eq. (4.4). Real Ay
are fixed points of the system and we order them as A, > A_ so that A\, represents an UV
repellor and A_ is a UV attractor.” Vacuum stability additionally demands A_ > 0 from a
physical attractor. Note, however, that the roots A+ could also be complex. A particular

V=5 |7~ o 9

solution of (4.4) reads

"Linear stability of (4.4) at A_ implies that bx(Ay — A_) =26 > 0.

- 11 -
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Figure 3. Solutions for the scalar quartic A in the model (4.1). The IR pole of g2 lies at the
coordinate origin, i.e. to = 0. The positions of other poles of A are depicted by the vertical dotted
lines. Left: real §. The first family of solutions is shown in blue, the second one in red. Right:
imaginary d. These solutions can exhibit walking behaviour.

where
. by - Ty 1 b,\g . by - T\ 9 b,\b)\gg
0_2()\++)\_)—2(bg ), 5_2(>\+ A_) =40 2o (4.6)
denote the rescaled half-difference and average of the roots.
The general solution can now be obtained
1 1 0
2
g-=—-, A=—+— |0— , (4.7)
by(t —t1) bA(t —t1) tanh (51n =4 )

where t; and to are constants of integration that were inserted by applying the scaling
symmetry (4.2) and shift symmetry. They can be determined from initial conditions, that
is, from g(up)? = g3 and (o) = Ao, where go and Ao are the values of the couplings
measured at the scale pg. Reality of the solutions does not forbid a complex to but it
implies that Rety > ¢1. All solutions are singular at ¢ = ¢; i.e. at the IR pole of gauge
coupling. Additional singularities arise from zeroes of the hyperbolic arctangent. There
are two qualitatively different cases:

1. For a real § there are two families of real solutions connected by rescalings (4.2) with a
complex c.

First, if Im(In(¢2 — t1) = 0), then there is an additional singularity at ¢2. This solution
is depicted by a red line in the left panel of figure 3. The running is asymptotically
free for t > t5 or equivalently if A < A_. This case is interesting because the vacuum
is stable if A_ > 0 but the theory has a pole in the IR which indicates that the self
interaction of the scalars becomes strong before confinement, because to > t;. The
branch at t < tg, corresponding to A < Ay, has a UV pole signalling the breakdown of
our one loop analysis.
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The second family is given by the blue line in the left panel of figure 3. It obeys
Im(In(te — t1)) = 7/(26) which effectively corresponds to taking the reciprocal of the
hyperbolic arctangent. There are no additional singularities, A varies in the interval
(A_, A+) and all solutions are asymptotic to A_/t in the UV. The model exhibits total
asymptotic freedom.

2. The case of imaginary § is shown in the right panel of figure 3. On top of £1, A is singular
at infinite set of points given by

tan =1+ (tg — t1)6nﬂ/|6‘ > 1y, (4,8)

with n an integer. Perturbative physics — consistent with our one-loop analysis —
always lies between two poles and thus there are a infinite number of families of real
solutions. The inequality ta , > t1, follows from to > t; and guarantees that the quartic
always hits its IR pole before the gauge coupling, implying that, running towards lower
energies, the self-interaction of the scalars becomes strong before the gauge interaction.

3. In the extremal case d = 0 the general solution (4.7) reads

1 1 1
2
= — Y, )\: g — ; 4.9
T b (t—ty) bt — 1) [ lnt’;_ttll] (4.9)

and the singularity at ¢9 is approached as a double logarithm of the energy scale.

For real § the solutions could be determined by knowing the poles ¢; and t3, the
distance between poles has a one to one correspondence with the initial conditions. For
imaginary ¢ this is not the case, as on top of t; and ¢ on needs the specify the family
given by the integer n. The poles of families with higher n will be exponentially separated
whenever [§| < 7.

We now limit our discussion to the cases that do not support total asymptotic freedom,
that is Red = 0, and estimate the energy range at which the theory can remain perturba-
tive. We assume that the scalar has a mass mg and that A(mg) ~ 0. The mass scale lies
between two poles tp ,—1 < In(mg/p) < tan =In(A/p), where A denotes the UV pole of A
and p is an arbitrary reference scale introduced for dimensional reasons. At scales y < mg
the scalar decouples and the IR behavior of the quartic coupling becomes irrelevant.

From eq. (4.8) we obtain the upper bound on the scale of the Landau pole

In(A/ms) < In(mg/Ag) (af/ ol 1) , (4.10)

where Ay, defined by In(A, /) = ti1, denotes the confinement scale of the gauge interaction.
In case || > 7 the energy range where the theory can be non-perturbative is unavoidably
small. A small ||, on the other hand, can naturally accommodate a large separation
between the Landau pole and the mass scale. This is characteristic to walking.

A similar walking behaviour can be inferred from the ¢ = 0 solution (4.9) that contains
a Landau pole if by > 0. Although the separation between the IR and UV poles is deter-
mined through the initial conditions that fix t; —t3 = In(A/Ay), the quartic approaches its
Landau pole at A very slowly as it depends on the energy scale via a double logarithm.
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Another way to see that a small |d] is likely to result in walking, is to note that in case
§ is small but imaginary and taking g? constant the one-loop 3-function 3y (), g?) may have
real roots which we denote by A+ (not to be confused with A+ appearing in the definition
of 6, eq. (4.6)). In this simple setup A+ o< g2 and the roots are thus evolving with g2 when
the running of ¢2 is taken into account. The roots A4 can be interpreted as pseudo-fized
points and, given the ordering Ay > A_, they behave qualitatively as a UV repulsor and
a UV attractor respectively. In case A4 are real, the walking behaviour of A now results
from the fact that the S-function of A can become negative when A € (A_, A1) and thus A
will decrease within this region. In case of real A4, that is when

(bag — bg)? > 4bxbrgg, (4.11)
the quartic coupling A can follow the running of g2 indefinitely. For real A, that is for
b3y > 4babagg (4.12)

but for complex A1, the quartic coupling still has a Landau pole, yet, as X is able to track
the walking fixed points for a while, the Landau pole can be pushed above the Planck scale,
where gravity is expected to contribute to the running.

Our analysis of this schematic model shows that, unlike asymptotic freedom, the walk-
ing does not purely follow from the field content of the model, but also depends on the
initial conditions for the RGEs. It also shows that some models are more likely to exhibit
walking behaviour than others. Finally, since for a real § the RGE flow can be totally
asymptotically free, thus, in the context of the condition Im § < 7, walking seems to be
characteristic to closeness to total asymptotic freedom. It is interesting to remark, that
the SM possesses the last property [42] and the quartic coupling of the Higgs boson shows
walking behaviour.

4.2 Running, walking and Landau poles for higher SU(3). multiplets

Next, we consider extending SM by a coloured scalar multiplet in representation 3, 6, 8, 10,
15 or 15’. Each representation will be considered in turn and we calculate the RGEs for all
the models under study at one-loop level with the help of the PYRQTE 2 package [43, 44].8
The RGEs are presented in appendix A. To find the correspondence between our bases for
the gauge invariant contractions and the bases used in the PyRQTE, the presentation of a
representation in PyRQTE can be extracted by contracting it with an appropriate number
of (anti)fundamental representations to form a singlet. For example, an adjoint scalar Sg
of SU(3) can be contracted with one triplet a’ and one antitriplet b; to form the singlet
aiSf b;. The singlet can be calculated in a PyRQTE interactive session and the PyRQTE
basis for the Sz-j extracted as the coefficient tensor for a’ and b;.

In general, the larger the multiplet, the faster we expect the quartic scalar couplings
to run. For most of the multiplets it appears to be true. The self-couplings of the repre-
sentations 3 and 8, however, change very slowly for a large range of energies. Indeed, their

8The package allows for two-loop calculation, but in the case of the 15 or 15’, even the one-loop
computation takes a couple of weeks on a 3.4 GHz Core i7 processor.
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Figure 4. The running of the scalar self-coupling Ag of 3 in the case where we set Agg = 0 for
simplicity. The p-function Sy = 0 at Ag+. Between Ag_ and Mgy the S-function is negative and
remains small in a large energy range due to crossing zero twice. The scalar self-coupling Ag does
not run, but walks.
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Figure 5. Renormalisation group running for the representation 10 of SU(3) in the case where
we take Agy = 0. At 1-loop level the theory breaks down well below the Planck scale because the
self-couplings Ag and Ag; develop a Landau pole due to their strong dependence on gs.

[B-functions satisfy the conditions for the existence of pseudo-fixed points given at the end
of section 4.1.

Figure 4 demonstrates the walking self-coupling of the fundamental representation of
SU(3).. We set A\g = 0 at mg = 1TeV. We set Agy = 0 for simplicity (the qualitative
behaviour remains the same with a non-zero portal coupling). The roots of the 5y, (A.6) are
given by Ag+ = (1/84) (24 £ 1/30) g2 which are real.” But Ay defined in (4.4) are complex:
their average o3 = 7/82 and half-difference d3 = 0.5614. Although Ag will eventually hit a
Landau pole (due to imaginary ¢), this will happen at a much higher scale than the Planck
scale, where quantum gravity may, arguably, solve the problem.

9To obtain the walking behaviour, obviously the initial value of As must be at least below As. .
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Figure 6. Perturbativity bounds for SM extended by one coloured scalar multiplet S as a function
of mg. Below mg the effective theory is given by the SM (gray). The Landau poles of the 3 and 8
(not shown) are far above the Planck scale for the depicted mass range.

For multiplets other than the fundamental 3 and the adjoint 8 of SU(3), the Landau
poles appear much below the Planck scale. An example with the RGE running of the
self-couplings of the representation 10 is shown in figure 5, where the mass mg = 1TeV
and A\g(mg) = Ag1(mg) = 0. The qualitative relation between the mass and the Landau
pole can be understood in the approximation of the schematic model. Ignoring other
couplings, we can evaluate 0 parameter (4.6) for the RGE of the strong coupling gs and the
fastest growing quartic Ag. For example, for higher representations we have dg = 1.341,
010 = 1.3414, 615 = 14.52¢. Comparing this with d3 = 0.56 i, we expect the Landau poles
to appear at lower scales. However, as seen from figure 6, this oversimplified approach
clearly fails to capture the difference between representations 6 and 10 or the similarity
between 10 and 15. A more careful analysis could be based on the study of asymptotics
of the RGEs outlined e.g. in ref. [42]. This lies, however, beyond the scope of this paper.

In figure 6 we show the scales of the Landau poles as a function of the mass of the
multiplet S. In the gray triangle the energy scale is below mg, so the effective theory is the
SM. The Landau poles for the representations 3 and 8 are much higher, at about 1042 GeV,
and are not shown. The quartic self-couplings of all multiplets can be made perturbative
up to the Planck scale, provided that the mass of S is chosen to be high enough.!'®

011 case of a dark SU(N), of course, the Landau poles can be pushed up by making the gauge cou-
pling small.
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The vacuum stability conditions allow for some quartic scalar self-couplings to be
negative. Nevertheless, we find that Ag < 0 either does not noticeably change the position
of the Landau poles or bring them lower. In the presence of Yukawa couplings, however,
a negative Ag can be crucial to establish an asymptotically safe solution [42]. Then it is
important to know the exact vacuum stability conditions to check whether the potential is
bounded from below for the given solution.

4.3 New scales from strong dynamics of higher scalar multiplets

A generic feature in strongly coupled theories is the appearance of different condensation
scales for different multiplets [1-3]. In the SM with a scalar S in a higher representation
R of colour, a new QCD scale larger than the usual Aqgcp could appear. The confinement
of the scalar S takes place at the scale A; determined by

Oa(R)as(As) = k= O(1), (4.13)

where C(R) is the Casimir of the scalar representation R. For sufficiently large C2(R)
the condensate (SS) forms for perturbative coupling ay e.g. at u = 10 GeV for the 10, at
p = 6GeV for the 15, and at u = 195GeV for the 15’ for k = 1 according to eq. (4.13)
and the values in table 1.

It is expected that also the quartic self-couplings would give a contribution to the left
hand side of eq. (4.13). The problem with quartics, however, is that their Landau poles
lie in the UV, not in the IR as for the strong gauge coupling. Therefore, Landau poles of
quartic self-couplings of S at sufficiently low scale will completely invalidate the analysis
of the condensation mechanism.

New interactions, such as Yukawa couplings, that give negative contributions to the (-
functions of scalar quartics can be introduced to remove Landau poles. But bringing in new
Dirac fermions to produce the required Yukawas would only work for lower QCD multiplets,
because additional fermions may endanger the asymptotic freedom of the gauge coupling.

For QCD with x = 1, the scales generated by any higher multiplets are too low to be
compatible with current experimental limits. For these reasons, one cannot use large scalar
QCD multiplets for a dynamical generation of a new mass scale as was attempted in [3].
The mechanism could be used, however, for dark SU(NN) gauge groups where the number
of colours can be adjusted and on which the experimental bounds are far more lenient than
on QCD.

5 Conclusions

We studied the vacuum stability and RGE running of the SM extended by one higher scalar
colour multiplet that preserves the asymptotic freedom of the strong gauge coupling. We
derived the bounded-from-below conditions for the scalar potential and studied the Landau
poles arising from the running scalar quartic couplings. For both, we presented a general
analysis before embarking on the study of specific models. The conditions that result from
our analysis can be imposed on extensions of the SM or on models where a dark SU(3) is
used, e.g., for flavour or for dark matter.
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In order to derive the vacuum stability conditions, we studied the orbit spaces of the
quartic self-coupling terms of the multiplets. If the scalar potential depends on the orbit
space parameters linearly, the vacuum stability conditions are determined by the convex
hull of the orbit space. For most of the multiplets we found simple analytical expression
for the necessary and sufficient vacuum stability conditions. For the representation 15, the
orbit space is 4-dimensional and more complicated, and we determined the convex hull of
its orbit space numerically. Knowing the orbit space is also very useful for minimisation of
the potential.

The running of the self-couplings of the 6, 10 and 15 can be made perturbative up
to the Planck scale if the mass of the scalar is set high enough. It is not possible for the
15’ whose scalar self-couplings immediately hit the Landau pole. On the other hand, the
scalar self-couplings Ag for the 3 and 8 multiplets walk rather than run: they maintain
perturbativity up to scales of about 10*2 GeV. This effect — similar to the running of the
Higgs coupling Afy in the SM — occurs because the running Ag stays near the zeroes of
its S-function. We presented a generic description of walking quartic couplings in terms of
pseudo-fixed points. The RGE analysis we present gives a conservative estimate also for
models where the multiplets have additional gauge charges, because this, in most cases,
will only bring the Landau poles lower.

We also studied the possibility of generating new high scales from the strong dynamics
of higher scalar coloured multiplets. Taking into account all the constraints, the scales pro-
duced are too low to provide the origin of the electroweak scale. However, in models beyond
the SM in which the SU(3) gauge group is not associated with colour, this mechanism may
be used to generate interesting phenomenology. Our results are also applicable to model
building utilising any SU(V) and scalars in fundamental or higher representations.
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A Renormalisation group equations

We have calculated the RGEs with the help of the PyRQTE package [43, 44]. We present
the RGEs at 1-loop level for the SM extended with one scalar with the quantum numbers
S(R,1,0). The RGEs for the self-couplings of 3, 6 and 8 have been derived previously
in [45] for general SU(NN) gauge theories without the Higgs portal terms. The RGEs output
by PyRQTE agree with [45] in full for the 3, 6 and for the A% and Agg3 terms for the 8.
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A.1 RGEs for SM and S in 3

B 4195’,

16728y, = = (A1)
19¢3
16w2ﬂg:—Tg, (A.2)
41¢3
16 2593__%3 (A 3)
9 17 9
167 By, =y (2%2— ﬁg'z— 492—893?) : (A.4)
16 2 _994 A 9 2 2 12 2 3 2 2 3g§1/ 24)\2 AQ 4 A
™ [3,\},—?4- u (=99 =39y + yt)‘i‘zg gy‘i‘?‘i‘ +3\sy—6y,,  (AD)
2 2 139§ 2 2
].67'(' /BAS:—1693)\S+T+28)\5+2)\5H, (AG)
16728y, = A 99° 39% 902 1934 1600+ 6y2 ) 402 AT
T Brgy = ASH —7—7—893+ H+16As+6y; | +4Asy. (A.7)

A.2 RGEs for SM and S in 6

41g3
16728, = 69Y, (A.8)
1 3
16728, = —%, (A.9)
37g3
16728, = —%, (A.10)
9 17 9
16728y, = ys (ny 0t 9 89%) , (A.11)
9g* 3 39+
16728y, = % + An (=992 = 3g% + 127) + J9%6% + % 4240
+60% — 6y1, (A.12)
3594
16728y, = (32751 — 40g2) Ag + % 4 6AZ, +40NZ + 202, (A.13)
16m%Brg, = As1 (24Ms — 40g3) + 595 + 22X%1, (A.14)
2 992 3932, 2 2 2
167°Brgy = AsH 5 Ty 2095 + 12Xy + 16Ag1 + 28As + 6y; | +4A5y. (A.15)
A.3 RGEs for SM and S in 8
2 419?/
16773y, = 6 (A.16)
1 3
16723, = —%, (A.17)
16723, = —643, (A.18)
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A.4 RGEs for SM and S in 10
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A.5 RGEs for SM and S in 15
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A.6 RGEs for SM and S in 15/
41
16723, = Eg’3, (A.42)
1
16723, = —§g3, (A.43)
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167, = — 293, (A.44)
9 17 9
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3
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130 9
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3 9
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B Bases for higher representations

B.1 Basis of the 15’ of SU(3)

For the representation 15" of SU(3), we use the basis a; with ¢ = 1,...,15. The independent
elements of the tensor S“* are given by

1 1 1
1111 1112 1113 1122
IS a1, S 2(12, S 2a3, S \/6a4, (B.1)
G123 _ 1 . g1133 _ ia 1222 _ la 1223 _ 1 " (B.2)
2v/3 > V6 6 2T 2v/3 > '

1 1 1

1233 _ 2\/§a9, G1333 _ §G10, 2222 _ a1, §2223 _ §a12, (B.3)
1 1

2233 _ \/éalz, 2333 _ Sai, 53333 — (1 (B.4)

This defines an orthogonal basis with respect to the norm Sijleijkl.

B.2 Basis of the 15 of SU(3)

For the representation 15 of SU(3), we use the basis a; with ¢ = 1,...,15. The independent
elements of the tensor S,? are given by

1
Si' = (Vamta), S = S3' = —ai, (B:5)
1 1 1
S12 = ——(~2v2as + ag),  S§® = ——(2V2as +as), S§® = ———a, B.6
1 2\/6( 8 9) 2 2\/6( 4 5) 3 \/i 3 ( )
Si? = 1(—2a10 +V2a11) Sy = Laﬁ 53% = —1\/§a5 (B.7)
1T SRRV, S o2V
1
S%Z = —ays, 5’%2 = 7(\@% + ag), S§2 = —ar, (B.8)
V6
g2 _ _ 1, 52 = L (2410 + van) 53 = —1\/§a (B.9)
1 NG 14, 2 1 \=@10 11), 3 5\ 2% :
1
Si))3 = —ajs, 5133 = a9, S??S = —72041. (BlO)

This defines an orthogonal basis with respect to the norm S,ij Slkj

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.

References

[1] W.J. Marciano, Exotic New Quarks and Dynamical Symmetry Breaking, Phys. Rev. D 21
(1980) 2425 [INSPIRE].

[2] D. Liist, E. Papantonopoulos, K.H. Streng and G. Zoupanos, Phenomenology of High Color
Fermions, Nucl. Phys. B 268 (1986) 49 [INnSPIRE].

- 29 —


https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1103/PhysRevD.21.2425
https://doi.org/10.1103/PhysRevD.21.2425
https://inspirehep.net/search?p=find+J+%22Phys.Rev.,D21,2425%22
https://doi.org/10.1016/0550-3213(86)90201-4
https://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B268,49%22

3]

[11]

[12]

[13]

[16]

[17]

[18]

[19]

[20]

J. Kubo, K.S. Lim and M. Lindner, Electroweak Symmetry Breaking via QCD, Phys. Rev.
Lett. 113 (2014) 091604 [arXiv:1403.4262] [INSPIRE].

S. Weinberg, Implications of Dynamical Symmetry Breaking: An Addendum, Phys. Rev. D19
(1979) 1277.

L. Susskind, Dynamics of Spontaneous Symmetry Breaking in the Weinberg-Salam Theory,
Phys. Rev. D 20 (1979) 2619 [InSPIRE].

C. Pica, T.A. Ryttov and F. Sannino, Conformal Phase Diagram of Complete Asymptotically
Free Theories, arXiv:1605.04712 [INSPIRE].

F.F. Hansen et al., Phase structure of complete asymptotically free SU(N,.) theories with
quarks and scalar quarks, arXiv:1706.06402 [INSPIRE].

E.L. Berger, Q.-H. Cao, C.-R. Chen, G. Shaughnessy and H. Zhang, Color Sextet Scalars in
Early LHC Experiments, Phys. Rev. Lett. 105 (2010) 181802 [arXiv:1005.2622] [INSPIRE].

C.-R. Chen, W. Klemm, V. Rentala and K. Wang, Color Sextet Scalars at the CERN Large
Hadron Collider, Phys. Rev. D 79 (2009) 054002 [arXiv:0811.2105] [INSPIRE].

Y. Kats and M.J. Strassler, Resonances from QCD bound states and the 750 GeV diphoton
excess, JHEP 05 (2016) 092 [Erratum ibid. 07 (2016) 044] [arXiv:1602.08819] [INSPIRE].

U. Aydemir, SO(10) grand unification in light of recent LHC' searches and colored scalars at
the TeV-scale, Int. J. Mod. Phys. A 31 (2016) 1650034 [arXiv:1512.00568] InSPIRE].

P. Fileviez Perez, H. Iminniyaz and G. Rodrigo, Proton Stability, Dark Matter and Light
Color Octet Scalars in Adjoint SU(5) Unification, Phys. Rev. D 78 (2008) 015013
[arXiv:0803.4156] [INSPIRE].

I. Dorsner, S. Fajfer, J.F. Kamenik and N. Kosnik, Light colored scalars from grand
unification and the forward-backward asymmetry in t t-bar production, Phys. Rev. D 81
(2010) 055009 [arXiv:0912.0972] INSPIRE].

S. Bertolini, L. Di Luzio and M. Malinsky, Light color octet scalars in the minimal SO(10)
grand unification, Phys. Rev. D 87 (2013) 085020 [arXiv:1302.3401] [INSPIRE].

A.V. Manohar and M.B. Wise, Flavor changing neutral currents, an extended scalar sector
and the Higgs production rate at the CERN LHC, Phys. Rev. D 74 (2006) 035009
[hep-ph/0606172] [INSPIRE].

L. Cheng and G. Valencia, Two Higgs doublet models augmented by a scalar colour octet,
JHEP 09 (2016) 079 [arXiv:1606.01298] [INSPIRE].

G. Valencia, Colour Octet Extension of 2HDM, Int. J. Mod. Phys. A 31 (2016) 1630033
[arXiv:1606.02810] [INSPIRE].

B.A. Dobrescu, K. Kong and R. Mahbubani, Massive color-octet bosons and pairs of
resonances at hadron colliders, Phys. Lett. B 670 (2008) 119 [arXiv:0709.2378] [INSPIRE].

M. Gerbush, T.J. Khoo, D.J. Phalen, A. Pierce and D. Tucker-Smith, Color-octet scalars at
the CERN LHC, Phys. Rev. D 77 (2008) 095003 [arXiv:0710.3133] [INSPIRE].

M.I. Gresham and M.B. Wise, Color octet scalar production at the LHC, Phys. Rev. D 76
(2007) 075003 [arXiv:0706.0909] INSPIRE].

A. Hayreter and G. Valencia, LHC constraints on color octet scalars, Phys. Rev. D 96 (2017)
035004 [arXiv:1703.04164] [INSPIRE].

~ 93 -


https://doi.org/10.1103/PhysRevLett.113.091604
https://doi.org/10.1103/PhysRevLett.113.091604
https://arxiv.org/abs/1403.4262
https://inspirehep.net/search?p=find+EPRINT+arXiv:1403.4262
https://doi.org/10.1103/PhysRevD.19.1277
https://doi.org/10.1103/PhysRevD.19.1277
https://doi.org/10.1103/PhysRevD.20.2619
https://inspirehep.net/search?p=find+J+%22Phys.Rev.,D20,2619%22
https://arxiv.org/abs/1605.04712
https://inspirehep.net/search?p=find+EPRINT+arXiv:1605.04712
https://arxiv.org/abs/1706.06402
https://inspirehep.net/search?p=find+EPRINT+arXiv:1706.06402
https://doi.org/10.1103/PhysRevLett.105.181802
https://arxiv.org/abs/1005.2622
https://inspirehep.net/search?p=find+EPRINT+arXiv:1005.2622
https://doi.org/10.1103/PhysRevD.79.054002
https://arxiv.org/abs/0811.2105
https://inspirehep.net/search?p=find+EPRINT+arXiv:0811.2105
https://doi.org/10.1007/JHEP05(2016)092
https://arxiv.org/abs/1602.08819
https://inspirehep.net/search?p=find+EPRINT+arXiv:1602.08819
https://doi.org/10.1142/S0217751X16500342
https://arxiv.org/abs/1512.00568
https://inspirehep.net/search?p=find+EPRINT+arXiv:1512.00568
https://doi.org/10.1103/PhysRevD.78.015013
https://arxiv.org/abs/0803.4156
https://inspirehep.net/search?p=find+EPRINT+arXiv:0803.4156
https://doi.org/10.1103/PhysRevD.81.055009
https://doi.org/10.1103/PhysRevD.81.055009
https://arxiv.org/abs/0912.0972
https://inspirehep.net/search?p=find+EPRINT+arXiv:0912.0972
https://doi.org/10.1103/PhysRevD.87.085020
https://arxiv.org/abs/1302.3401
https://inspirehep.net/search?p=find+EPRINT+arXiv:1302.3401
https://doi.org/10.1103/PhysRevD.74.035009
https://arxiv.org/abs/hep-ph/0606172
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0606172
https://doi.org/10.1007/JHEP09(2016)079
https://arxiv.org/abs/1606.01298
https://inspirehep.net/search?p=find+EPRINT+arXiv:1606.01298
https://doi.org/10.1142/S0217751X16300337
https://arxiv.org/abs/1606.02810
https://inspirehep.net/search?p=find+EPRINT+arXiv:1606.02810
https://doi.org/10.1016/j.physletb.2008.10.048
https://arxiv.org/abs/0709.2378
https://inspirehep.net/search?p=find+EPRINT+arXiv:0709.2378
https://doi.org/10.1103/PhysRevD.77.095003
https://arxiv.org/abs/0710.3133
https://inspirehep.net/search?p=find+EPRINT+arXiv:0710.3133
https://doi.org/10.1103/PhysRevD.76.075003
https://doi.org/10.1103/PhysRevD.76.075003
https://arxiv.org/abs/0706.0909
https://inspirehep.net/search?p=find+EPRINT+arXiv:0706.0909
https://doi.org/10.1103/PhysRevD.96.035004
https://doi.org/10.1103/PhysRevD.96.035004
https://arxiv.org/abs/1703.04164
https://inspirehep.net/search?p=find+EPRINT+arXiv:1703.04164

[22] G.D. Kribs and A. Martin, Enhanced di-Higgs Production through Light Colored Scalars,
Phys. Rev. D 86 (2012) 095023 [arXiv:1207.4496] [INSPIRE].

[23] Z. Heng, L. Shang, Y. Zhang and J. Zhu, Pair production of 125 GeV Higgs boson in the SM
extension with color-octet scalars at the LHC, JHEP 02 (2014) 083 [arXiv:1312.4260]
[INSPIRE].

[24] K. Nakamura, K. Nishiwaki, K.-y. Oda, S.C. Park and Y. Yamamoto, Di-Higgs enhancement
by neutral scalar as probe of new colored sector, Eur. Phys. J. C 77 (2017) 273
[arXiv:1701.06137] [INSPIRE].

[25] M.-x. Luo, K. Wang, T. Xu, L. Zhang and G. Zhu, Squarkonium, diquarkonium and
octetonium at the LHC and their diphoton decays, Phys. Rev. D 93 (2016) 055042
[arXiv:1512.06670] [INSPIRE].

[26] S. El Hedri, A. Kaminska and M. de Vries, A Sommerfeld Toolbox for Colored Dark Sectors,
Bur. Phys. J. C 77 (2017) 622 [arXiv:1612.02825] [INSPIRE].

[27] M. Ratz and A. Trautner, CP violation with an unbroken CP transformation, JHEP 02
(2017) 103 [arXiv:1612.08984] [INSPIRE].

[28] J. Kim, General Method for Analyzing Higgs Potentials, Nucl. Phys. B 196 (1982) 285
[INSPIRE].

[29] S.R. Coleman and E.J. Weinberg, Radiative Corrections as the Origin of Spontaneous
Symmetry Breaking, Phys. Rev. D 7 (1973) 1888 [INSPIRE].

[30] S. Di Chiara and K. Tuominen, A minimal model for SU(N) vector dark matter, JHEP 11
(2015) 188 [arXiv:1506.03285] [INSPIRE].

[31] C. Gross, O. Lebedev and Y. Mambrini, Non-Abelian gauge fields as dark matter, JHEP 08
(2015) 158 [arXiv:1505.07480] [INSPIRE].

[32] G. Arcadi, C. Gross, O. Lebedev, Y. Mambrini, S. Pokorski and T. Toma, Multicomponent
Dark Matter from Gauge Symmetry, JHEP 12 (2016) 081 [arXiv:1611.00365] [INSPIRE].

[33] A. Karam and K. Tamvakis, Dark Matter from a Classically Scale-Invariant SU(3)x, Phys.
Rev. D 94 (2016) 055004 [arXiv:1607.01001] InSPIRE].

[34] D.J. Gross and F. Wilczek, Ultraviolet Behavior of Nonabelian Gauge Theories, Phys. Rev.
Lett. 30 (1973) 1343 [INSPIRE].

[35] H.D. Politzer, Reliable Perturbative Results for Strong Interactions?, Phys. Rev. Lett. 30
(1973) 1346 [INSPIRE].

[36] ML.E. Machacek and M.T. Vaughn, Two Loop Renormalization Group Equations in a General
Quantum Field Theory. 1. Wave Function Renormalization, Nucl. Phys. B 222 (1983) 83
[INSPIRE].

[37] A. Degee, L.P. Ivanov and V. Keus, Geometric minimization of highly symmetric potentials,
JHEP 02 (2013) 125 [arXiv:1211.4989] [INSPIRE].

[38] J. Kim, SU(N ) Higgs Problem With Adjoint Representation and Michel’s Conjecture, Nucl.
Phys. B 197 (1982) 174 [iNSPIRE].

[39] M. Abud and G. Sartori, The Geometry of Orbit Space and Natural Minima of Higgs
Potentials, Phys. Lett. B 104 (1981) 147 [InSPIRE].

[40] M. Abud and G. Sartori, The Geometry of Spontaneous Symmetry Breaking, Annals Phys.
150 (1983) 307 [INSPIRE].

—94 —


https://doi.org/10.1103/PhysRevD.86.095023
https://arxiv.org/abs/1207.4496
https://inspirehep.net/search?p=find+EPRINT+arXiv:1207.4496
https://doi.org/10.1007/JHEP02(2014)083
https://arxiv.org/abs/1312.4260
https://inspirehep.net/search?p=find+EPRINT+arXiv:1312.4260
https://doi.org/10.1140/epjc/s10052-017-4835-4
https://arxiv.org/abs/1701.06137
https://inspirehep.net/search?p=find+EPRINT+arXiv:1701.06137
https://doi.org/10.1103/PhysRevD.93.055042
https://arxiv.org/abs/1512.06670
https://inspirehep.net/search?p=find+EPRINT+arXiv:1512.06670
https://doi.org/10.1140/epjc/s10052-017-5168-z
https://arxiv.org/abs/1612.02825
https://inspirehep.net/search?p=find+EPRINT+arXiv:1612.02825
https://doi.org/10.1007/JHEP02(2017)103
https://doi.org/10.1007/JHEP02(2017)103
https://arxiv.org/abs/1612.08984
https://inspirehep.net/search?p=find+EPRINT+arXiv:1612.08984
https://doi.org/10.1016/0550-3213(82)90040-2
https://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B196,285%22
https://doi.org/10.1103/PhysRevD.7.1888
https://inspirehep.net/search?p=find+J+%22Phys.Rev.,D7,1888%22
https://doi.org/10.1007/JHEP11(2015)188
https://doi.org/10.1007/JHEP11(2015)188
https://arxiv.org/abs/1506.03285
https://inspirehep.net/search?p=find+EPRINT+arXiv:1506.03285
https://doi.org/10.1007/JHEP08(2015)158
https://doi.org/10.1007/JHEP08(2015)158
https://arxiv.org/abs/1505.07480
https://inspirehep.net/search?p=find+EPRINT+arXiv:1505.07480
https://doi.org/10.1007/JHEP12(2016)081
https://arxiv.org/abs/1611.00365
https://inspirehep.net/search?p=find+EPRINT+arXiv:1611.00365
https://doi.org/10.1103/PhysRevD.94.055004
https://doi.org/10.1103/PhysRevD.94.055004
https://arxiv.org/abs/1607.01001
https://inspirehep.net/search?p=find+EPRINT+arXiv:1607.01001
https://doi.org/10.1103/PhysRevLett.30.1343
https://doi.org/10.1103/PhysRevLett.30.1343
https://inspirehep.net/search?p=find+J+%22Phys.Rev.Lett.,30,1343%22
https://doi.org/10.1103/PhysRevLett.30.1346
https://doi.org/10.1103/PhysRevLett.30.1346
https://inspirehep.net/search?p=find+J+%22Phys.Rev.Lett.,30,1346%22
https://doi.org/10.1016/0550-3213(83)90610-7
https://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B222,83%22
https://doi.org/10.1007/JHEP02(2013)125
https://arxiv.org/abs/1211.4989
https://inspirehep.net/search?p=find+EPRINT+arXiv:1211.4989
https://doi.org/10.1016/0550-3213(82)90160-2
https://doi.org/10.1016/0550-3213(82)90160-2
https://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B197,174%22
https://doi.org/10.1016/0370-2693(81)90578-5
https://inspirehep.net/search?p=find+J+%22Phys.Lett.,B104,147%22
https://doi.org/10.1016/0003-4916(83)90017-9
https://doi.org/10.1016/0003-4916(83)90017-9
https://inspirehep.net/search?p=find+J+%22AnnalsPhys.,150,307%22

[41] J.S. Kim, Orbit Spaces of Low Dimensional Representations of Simple Compact Connected
Lie Groups and Eztrema of a Group Invariant Scalar Potential, J. Math. Phys. 25 (1984)
1694 [INSPIRE].

[42] G.F. Giudice, G. Isidori, A. Salvio and A. Strumia, Softened Gravity and the Extension of the
Standard Model up to Infinite Energy, JHEP 02 (2015) 137 [arXiv:1412.2769] [InSPIRE].

[43] F. Lyonnet, I. Schienbein, F. Staub and A. Wingerter, PyR@QTE: Renormalization Group
Equations for General Gauge Theories, Comput. Phys. Commun. 185 (2014) 1130
[arXiv:1309.7030] [iNSPIRE].

[44] F. Lyonnet and I. Schienbein, PyR@QTE 2: A Python tool for computing RGEs at two-loop,
Comput. Phys. Commun. 213 (2017) 181 [arXiv:1608.07274| [INSPIRE].

[45] D.J. Gross and F. Wilczek, Asymptotically Free Gauge Theories. 1, Phys. Rev. D 8 (1973)
3633 [INSPIRE].

— 95—


https://doi.org/10.1063/1.526347
https://doi.org/10.1063/1.526347
https://inspirehep.net/search?p=find+J+%22J.Math.Phys.,25,1694%22
https://doi.org/10.1007/JHEP02(2015)137
https://arxiv.org/abs/1412.2769
https://inspirehep.net/search?p=find+EPRINT+arXiv:1412.2769
https://doi.org/10.1016/j.cpc.2013.12.002
https://arxiv.org/abs/1309.7030
https://inspirehep.net/search?p=find+EPRINT+arXiv:1309.7030
https://doi.org/10.1016/j.cpc.2016.12.003
https://arxiv.org/abs/1608.07274
https://inspirehep.net/search?p=find+EPRINT+arXiv:1608.07274
https://doi.org/10.1103/PhysRevD.8.3633
https://doi.org/10.1103/PhysRevD.8.3633
https://inspirehep.net/search?p=find+J+%22Phys.Rev.,D8,3633%22

	Introduction
	Higher multiplets and asymptotic freedom
	Scalar potentials and conditions for the vacuum stability
	General considerations
	Vacuum stability for the representations 3 and 8
	Vacuum stability for the representations 6 and 10
	Vacuum stability for the representation 15'
	Vacuum stability for the representation 15

	RGE running of higher SU(3)(c) multiplets
	Walking in a schematic model
	Running, walking and Landau poles for higher SU(3)(c) multiplets
	New scales from strong dynamics of higher scalar multiplets

	Conclusions
	Renormalisation group equations
	RGEs for SM and S in 3
	RGEs for SM and S in 6
	RGEs for SM and S in 8
	RGEs for SM and S in 10
	RGEs for SM and S in 15
	RGEs for SM and S in 15'

	Bases for higher representations
	Basis of the 15' of SU(3)
	Basis of the 15 of SU(3)


