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Radiatively induced symmetry breaking is considered for a toy model with one scalar and one fermion
field unified in a superfield. It is shown that the classical quartic self-interaction of the superfield
possesses a quantum infrared singularity. Application of the Coleman-Weinberg mechanism for effective
potential leads to the appearance of condensates and masses for both scalar and fermion components.
That induces a spontaneous breaking of the initial classical symmetries: the supersymmetry and the

conformal one. The energy scales for the scalar and fermion condensates appear to be of the same order,
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while the renormalization scale is many orders of magnitude higher. A possibility to relate the considered
toy model to conformal symmetry breaking in the Standard Model is discussed.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

It was shown [1] that infrared divergences in quantum loop
contributions to effective potentials of various models in quantum
field theory (QFT) can lead to the necessity to introduce a non-zero
renormalization scale and thus generate a spontaneous breaking of
the conformal symmetry. In particular, the ¢* model as well as
Abelian and Yang-Mills gauge models were considered in [1]. Here
we will apply the Coleman-Weinberg (CW) mechanism to a simple
QFT model for a superfield which joins scalar and fermion physical
fields, see for example [2,3] for application of the CW mechanism
in different physical scenarios.

From the phenomenological point of view our study is moti-
vated by the recent discovery of the Higgs boson. The observed
properties of the latter are in a good agreement with the Standard
Model (SM) predictions. Nevertheless the origin of the electroweak
energy scale is still unclear. For the time being it is just intro-
duced from the beginning into the Lagrangian of the SM as the
tachyon-like mass parameter. On the other hand the electroweak
(EW) energy scale of about 100 GeV is seen both in the Higgs
(and electroweak sector) and the top quark mass. The relation
4my, ~ Zm? ~ v2 between the observed Higgs boson mass my, the
top quark mass m;, and the Higgs boson vacuum expectation value
v holds with a high accuracy [4]. In any case, the coincidence of

* Corresponding author.
E-mail address: diego777jcl@gmail.com (D.]. Cirilo-Lombardo).

http://dx.doi.org/10.1016/j.physletb.2016.05.009

the scales is an intriguing puzzle. Another face of the electroweak
scale puzzle is the hierarchy problem of the SM due to quadratic
divergences in the running of the Higgs boson mass within the SM.
In fact, renormalization of my suffers from fine tuning between the
(loop) contributions due to the top quark, the Higgs boson, and
EW bosons (note that only longitudinal components of W and Z
bosons, i.e. the scalar Goldstones, contribute). It is well known that
resolution of the fine tuning problem can be done by a supersym-
metric extension of the SM. In any case, a certain (symmetry?)
relation between fermionic and bosonic contribution is required to
solve the problem.

On the other hand there are many indirect indications of the
Conformal Symmetry (CS) might be the proper symmetry of the
underlying fundamental theory, while the SM is just an effective
model emerged after a spontaneous breaking of the CS, see e.g.
Refs. [5,6].

In Ref. [7], the possibility to generate a soft breaking of the
conformal symmetry in the sector of the SM which joins the Higgs
boson and the top quark was discussed. In fact, the infrared singu-
larity is present in this system and the Coleman-Weinberg mecha-
nism can be applied. Nevertheless, the question about the relation
between renormalization conditions for the scalar and the fermion
field remains unsolved. As discussed, a certain bootstrap should
happen in the SM between the Higgs boson and the top quark.
In this paper we suggest to look what comes out if the two fields
are joined into a superfield. Of course, it is just one of many other
possibilities but it provides a certain feeling of the bootstrap.
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It is frequent to find in the current research proposals that
suggest (supersymmetric) extensions of the Standard Model with
introduction of a hidden sector that shows conformal invariance
above a certain high energy scale (see in a different context
Ref. [8]), and it couples to the SM sector by some higher dimen-
sional operators. The nontrivial conformally invariant hidden sector
leads to a novel type of observable effects in the SM sector, which
may be accessible in near future experiments at a TeV scale. On
the other hand, since one of the most appealing new physics at
the TeV scale is the supersymmetry (SUSY), it is very natural to
consider supersymmetric extension of the Standard Model con-
sidering the introduction of superfields containing the particles
involved in the interaction of interest. The first aim of this pa-
per is to investigate the supersymmetric extension of the model
based on the superconformal field theory by means of introduc-
tion of a scalar superfield, as we will show in Section 2. It is
well known that the four dimensional superconformal field the-
ory is powerful enough to obtain the crucial dynamical information
about the physics of particle interaction due to the fact that the in-
teraction itself is hidden inside quadratic and dynamical terms in
the Lagrangian of the theory. For example, the relation between
the R-charge and the conformal dimension determines the confor-
mal dimensions of the chiral operators beyond the perturbation
theory. We also have more severe inequalities for conformal di-
mensions that are not available in non-supersymmetric theories. In
this sense, the introduction of the SUSY is theoretically well mo-
tivated. Physically the interplay between conformal symmetry and
supersymmetry and their breaking (of both or of any of them, to-
tal or partial) introduces automatically extra constraints on particle
physics.

As we pointed out before, previous investigations on the parti-
cle physics within the context of (super) conformal models assume
that a certain particle sector remains conformal at least down to
the electroweak scale, at which any experimental evidence is ex-
pected. The problem is claimed usually of a partial breaking of
SUSY or conformal symmetry and how to conciliate both. It is
usually solved by means of a gauge mediation or by tuning the
Kahler potential. However there are no such problems through
our paper, consequently this particular point not will be analyzed
here.

2. Conformal models and supersymmetry

The hints in order to introduce the fermionic interactions in
any classical bosonic action endowed by conformal symmetry were
presented for the first time in the seminal papers of Akulov and
Pashnev [9] where the starting point was the well know the AFF
(de Alfaro, Fubini and Furlan) conformal model [10]. Without going
into details (see [9]), the idea was to introduce a superfield having
the form

O =@ +i0%q + i0%04F,

into the following general n-dimensional action with the standard
super-kinetic term

(0%0, = 06 etc.) (1)

1 P
Skin = —Q/d”xdze D’D’ (30) (2)

where @ is the chiral superfield (with standard anti-chiral coun-
terpart ®) and the super-derivatives are usually defined as Dy ® =
(# +1i(bapt?)' %) & (similarly for 5025) where by is a sym-
metric matrix fixed by the symmetry properties of the super-
space under consideration, e.g. by supercharges. The usual con-
ventions for down and up indices of the fermionic variables with
€2=¢;5=1, (@0,=1,2) are assumed (for the dotted indices

o, B =1,2 are similarly related, as usual), also for spacetime in-
dices: i, j=0,....,d — 1. The component form of expression (2) is
obtained by inserting (1) into (2) and integrating over the Grass-
man variables:

Skm———/d" <8f<p8ig0—i(wdbo.{ﬁ> 3y +4FF>. (3)
j

The interaction part was defined in the general form as
Sint = / d"xd?*6 d*6V (dP). (4)

Without loss of generality the simplest 4-dimensional case will
be treated. Remind now the effective potential for a scalar field
with a ¢* interaction, which was derived by S. Coleman and
E. Weinberg [1] in the one-loop approximation

2 2
A [m (‘p—> - 2—5] 5)
256772 M2 6
The presence of the renormalization scale M indicates the ra-
diatively induced breaking of the conformal symmetry in this
model.

We can pass from the bosonic effective potential to the super-
symmetric one by introducing the superfield. Note that due that
the standard version of the four-dimensional supersymmetry, the
simplest superfields contain a complex Lorentz scalar and a chiral
(left-handed or right-handed) fermion. To avoid confusion hence-
forth we define (¢)? = @¢. Then we obtain the following expres-
sion

A o4
U(‘/’)Zz‘/’ +

Wg), (b = (l9)* +2(0) (I v

Lo mimle ( ) %)

+ (@ )(Wﬂ)[

25672 ] ®)

where the Grassman integration was performed under the (physi-
cal) measure

/u (02) d20=b and /M (92) 62d%0
with u (92) =aexp (bea—2> ,

where a and b are constants related to the group manifold struc-
ture (volume), that must be included into the above measure in
order to recover the original Coleman-Weinberg potential when
all fermions vanish.

Let us look for a minimum of the potential. The conditions

3— — Y
W) )

lead to the following solution for the scalar and fermion conden-
sate values:

v2 = (p)? =M?exp {— 1967 }
. 21
Wy =-v> =" (8)

We assumed that the coupling constant A < 1 so that the pertur-
bative solution is reliable.
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We would like to make a parallel to the sector of the Standard
Model, which joins the Higgs self-interaction and the Yukawa term
of the top quark, see [7] for details. In fact the structure of this
sector is exactly the same as the one of our toy model. The con-
dition A <1 holds in the SM. Taking realistic SM values of A and
v &~ 246 GeV, we see that the scale M appears to be extremely
large: M >> Mpjanck- This value emerged in our toy model, but the
general hierarchy between the EW scale and the renormalization
scale M does naturally appear in the Coleman-Weinberg mecha-
nism applied to a model of interacting scalar and fermion particles
with any assumption on a symmetry relation between these two
fields. This allows us to speculate about the possibility to have
the Planck scale as the proper renormalization scale of the Stan-
dard Model being responsible for the scale invariance breaking.
The source of the large difference between to EW scale and the
Planck mass can be provided just by the exponent in a relation
similar to Eq. (8).

The spontaneous breaking of the conformal symmetry in the
system leads to generation of masses both for the scalar and
fermion fields in the standard way after the shift of the scalar field
¢=h+v:

Y 7w, (9)

v
V2
Note that the energy scale as for the masses as well as for the
condensates of both fields is the same:

My~ Mg ~v~—J(§). (10)

Remind that the coincidence of scales of the Higgs boson mass and
of the top quark one is one of the puzzles in the SM.

In the case if we take the model with a Kdhler structure, the
potential is slightly modified as:

We), (Fv) ~2 () +2(0) Fv))

A A2 (p)? 25
X[4!+256n2 (1[1(1\/12 "%

_ 22 U
+2(p) (Gy) [m +aln (’M’”m
(11)

with |c|] < 1 that for sign(c) = +1 we have compact manifold,
and for sign(c) = —1 we have a non-compact one. The modi-
fied potential leads to a similar solution for the minimum posi-
tion.

3. Discussion

In general, even without any (super)symmetry between the
scalar and fermion fields we should look for the minimum of the
effective potential. The symmetry condition just helps to derive a
relation between the condensate values. Certainly, the top quark
and the Higgs boson in the SM are not related by SUSY. On the
other hand, we clearly see that they are somehow tightly linked
to each other. So, we take SUSY just as a toy model to test the
connection between t and H. We suppose that some of the fea-
tures which appear in the SUSY relation might be relevant for the
true (still unclear) picture. Because, the physical states, that we
are interested in, become to be part of a same supersymmetric
multiplet, they are not independent. This fact reduces the num-
ber of independent coupling constants. Notice that the question
why the Yukawa coupling of the top quark is just one within er-
ror bars looks like a puzzle. It could be treated as an accidental

coincidence, if it would not be so much important for the natural-
ness problem in the SM. The another important issue to have into
account is about the possibility to avoid the fact that in the su-
persymmetric toy model there is only a single coupling constant:
when applied to the Standard Model the requirement to put the
top quark and the Higgs in the same multiplet appears to conflict
(in the case of the realistic full model) because of their different
charges. This problem can be treated, for example, by introduc-
ing an extra symmetry (complex, quaternionic or octonionic) at
the level of the fields without modifying the original symmetry
of the model supersymmetric or not [11]. Note that instead of
introducing multiple Higgs to provide partners for the remaining
quarks, we can introduce only one Higgs with quaternionic sym-
metry [12] (for example, in the Weinberg-Salaam model the main
idea in order to increase the number of fields is based on the ob-
servation that there exists the following underlying quaternionic
symmetry, namely % (g/BM + ga,-AiL) = Qy, this issue is now un-
der research [12]).

It is worth to note that there is a close relation between break-
ing of the conformal symmetry and SUSY. It was pointed out in
Ref. [13] that quantization of theories within the Hamiltonian for-
mulation suffers from difficulties associated with the ordering of
operators. Moreover, the presence of fermionic operators creates
additional difficulties that are translated to the breaking of sym-
metries of the physical system under consideration. These order-
ing difficulties are present as in the definition of SUSY charges
as well as in the corresponding SUSY generators. Generally, they
appear as operators with arbitrary factors that take into account
all ways of ordering where in the two solutions are non-normed
which corresponds to the case of spontaneously broken super-
symmetry. Thus, spontaneous breaking of supersymmetry at the
quantum level is possible due the indefiniteness in ordering of op-
erators.

Since normalization is not inherent to the conformal symme-
try condition, it seems apparently that the breaking of SUSY would
not affect the conformal symmetry. But at the quantum level, the
ambiguity in the ordering of operators establishes a connection be-
tween both symmetry breaking. Precisely this condition seems to
be related to what happens in the breaking of supersymmetry at
finite temperature, even in the microcanonical picture [14]. This al-
lows one to make a conjecture on triality between supersymmetry
breaking, breaking of conformal symmetry, and non-zero tempera-
ture from the quantum level. Note also that since LHC started look-
ing for superpartners, the task becomes extremely hard. Probably
the difficulties to interpret the absence of hints for supersymme-
try at LHC imply that there exists a supersymmetric A value that
can be greater than expected, consequently higher values of A can
be justified in such a case.

Searching for similar effects in other quantum mechanical mod-
els is of considerable interest and will allow further studies of the
phenomenon of spontaneous symmetry breaking in physics.
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