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ABSTRACT: We present an extended version of the Conformal Standard Model (character-
ized by the absence of any new intermediate scales between the electroweak scale and the
Planck scale) with an enlarged scalar sector coupling to right-chiral neutrinos. The scalar
potential and the Yukawa couplings involving only right-chiral neutrinos are invariant un-
der a new global symmetry SU(3)y that complements the standard U(1)p_7 symmetry,
and is broken explicitly only by the Yukawa interaction, of order O(10~%), coupling right-
chiral neutrinos and the electroweak lepton doublets. We point out four main advantages of
this enlargement, namely: (1) the economy of the (non-supersymmetric) Standard Model,
and thus its observational success, is preserved; (2) thanks to the enlarged scalar sector the
RG improved one-loop effective potential is everywhere positive with a stable global min-
imum, thereby avoiding the notorious instability of the Standard Model vacuum; (3) the
pseudo-Goldstone bosons resulting from spontaneous breaking of the SU(3)y symmetry
are natural Dark Matter candidates with calculable small masses and couplings; and (4)
the Majorana Yukawa coupling matrix acquires a form naturally adapted to leptogenesis.
The model is made perturbatively consistent up to the Planck scale by imposing the van-
ishing of quadratic divergences at the Planck scale (‘softly broken conformal symmetry’).
Observable consequences of the model occur mainly via the mixing of the new scalars and
the standard model Higgs boson.
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1 Introduction

Experimental searches at LHC have so far not revealed any evidence of ‘new physics’
beyond the Standard Model (SM), and in particular no signs of low energy supersymmetry,
technicolor or large extra dimensions [1]. Of course, this state of affairs may change in the
near future with new data, but the possibility that there is in fact not much new structure
beyond the SM is by no means excluded. There thus remains the distinct possibility that
— apart from ‘small’ modifications of the type suggested by the present work — the SM
may survive essentially as is all the way to the Planck scale. This prospect is further
strengthened by the excellent quantitative agreement between the SM predictions and
several precision experiments that has emerged over the past decades, and which so far
has not shown any deviation from SM predictions. In our view all this indicates that any
‘beyond the standard model’ (BSM) scenario must stay as close as possible to the SM as
presently understood.



The present work takes up this point of view, in an attempt to formulate a more
comprehensive and coherent scheme beyond the SM, within the general framework proposed
in [2]. More specifically, this is to be done in such a way that, on the one hand, the economy
of the SM is maintained as much as possible, by extending it only in a very minimal way, but
on the other hand, such that — besides explaining the observed structure — the extension
solves all outstanding problems that belong to particle physics proper. The latter comprise
in particular the explanation of the neutrino sector (with light and heavy neutrinos), the
explanation of the origin of Dark Matter with suitable dark matter candidates, and finally
leptogenesis. Whereas the solution of these problems is usually assumed to involve large
intermediate scales and new heavy degrees of freedom (GUT-scale Majorana masses, new
heavy quarks to generate axion gluon couplings, and the like) that will be difficult, if not
impossible, to observe, the important point here is that we try to make do without such
large scales between the electroweak and the Planck scale. This postulate entails strong
restrictions that we will analyze in this work and that may be falsified by observation.
By contrast, we do not consider to belong to the realm of particle physics the problems
of the cosmological constant, the origin of Dark Energy and the ultimate explanation of
inflation. Beyond their effective description in terms of scalar fields, these are here assumed
to involve quantum gravity in an essential way, whence their solution must await the advent
of a proper theory of quantum gravity.

The crucial assumption underlying the present work, and the defining property of
the term ‘Conformal Standard Model’ (CSM),! is conformal symmetry, albeit in a ‘softly
broken’ form, and consequently the absence of any new scales intermediate between the
electroweak scale and the Planck scale. This basic assumption is motivated on the one
hand by the absence of any direct evidence of such intermediate mass scales, and on the
other hand by the ‘near conformality’ of the SM, that is, the fact that the SM is classically
conformally invariant, except for the the explicit mass term in the scalar potential intro-
duced to trigger spontaneous symmetry breaking. In previous work we have formulated
a scenario which attempts to exploit this fact, and thus to explain the stability of the
electroweak scale as well as the supposed absence of large intermediate scales, by impos-
ing classical conformal symmetry as a basic symmetry. Importantly, we thus do not rely
on low energy supersymmetry to explain the stability of the electroweak scale. In [2] the
Coleman-Weinberg mechanism [3] was invoked to provide a quantum mechanical source of
conformal symmetry breaking, but more recently we have adopted a variant of this scheme,
by allowing for explicit mass terms, but with the extra restriction of vanishing quadratic
divergences in terms of bare parameters at the Planck scale, in a realization of what we
call ‘softly broken conformal symmetry’ [4]. With either realization there is then only one
scale other than the Planck scale in the game; this scale, which should be tiny in com-
parison with the Planck scale, is here assumed to be O(1) TeV. The challenge, then, is to
accommodate within such a scenario all observed SM phenomena and, in particular, the
considerable differences in scales observed in the SM. To these requirements we add the

In order to avoid an unnecessary proliferation of names, we have decided to use this name for the whole
class of models satisfying the stated requirements.



triple conditions of perturbative consistency (absence of Landau poles up to the Planck
scale Mpy), of lower boundedness of the RG improved one-loop effective potential V&EGI(cp),
and finally, of vacuum stability (the electroweak vacuum should remain the global mini-
mum of VESI(p) in the region |¢| < Mp;). It is a non-trivial check on our assumptions
that there do exist parameter values satisfying all of these constraints.

Accordingly, we present in this paper a slightly modified version of the model pro-
posed in [2, 4], with the aim of working towards a more comprehensive scenario of BSM
physics. The modification consists in an enlargement of the scalar sector that couples to
the right-chiral neutrinos, and the introduction of a new global SU(3)y symmetry acting
only on the right-chiral neutrinos and the new scalar fields. This symmetry is assumed to
be spontaneously broken, giving rise to several Goldstone bosons. The latter are converted
to pseudo-Goldstone bosons by the one-loop corrections induced by the Yukawa interac-
tion coupling right-chiral neutrinos and the electroweak lepton doublets, which is the only
term in the Lagrangian that breaks SU(3)y explicitly. Besides preserving the economy
of the (non-supersymmetric) SM, this version of the CSM comes in particular with the
following advantages: (1) the pseudo-Goldstone bosons resulting from spontaneous sym-
metry breaking can in principle serve as Dark Matter candidates with calculable small
masses and couplings, and (2) the Majorana Yukawa coupling matrix dynamically acquires
a form naturally adapted to leptogenesis via the mechanism proposed and investigated
in [5]. Furthermore, there remains the possibility that a certain linear combination of the
pseudo-Goldstone bosons may be identified with the axion required for the solution of the
strong CP problem.?

Finally, we briefly discuss two natural extensions of our main model, namely first, the
possibility of gauging U(1)p_r, and secondly a further enlargement of the scalar sector
that changes the breaking pattern of the SU(3)y symmetry. We also comment on the issue
of the compatibility of global symmetries with quantum gravity in section 5.

Related and previous work. We should note that there is a substantial body of work
along similar lines as proposed here, and we therefore briefly recall and comment on some
related proposals. The idea of exploiting the possible or postulated absence of intermediate
scales in order to arrive at predictions for the Higgs and top quark masses was already
considered in [8]. However, it appears that the actual values of the SM parameters with
only the standard scalar doublet cannot be reconciled with the stability of the electroweak
vacuum over the whole range of energies up to the Planck mass (see [9] and [10] for a more
recent re-assessment of this scenario). The possible importance of conformal symmetry
in explaining the electroweak hierarchy was already emphasized in [11]. More recently,
there have been a number of approaches proceeding from the assumption of conformal
symmetry, in part based on the Coleman-Weinberg mechanism, as in [12, 13] and [14, 15].

2In our previous work [6] it was wrongly claimed that the Majoron can become a pseudo-Goldstone
boson. The error in that argument, which was based on a rather involved three-loop calculation, was
uncovered thanks to the new technology developed in [7], which shows that only fields orthogonal to the
identity in the matrix of Goldstone fields can become pseudo-Goldstone bosons, cf. (2.40) and section 2.4
for details.



The latter papers discuss in particular aspects of neutrino physics in conformal theories;
see also [16-19] for a discussion of the phenomenology of such models. The idea that
radiative electroweak symmetry breaking is triggered by a new U(1) x gauge boson without
direct couplings to SM particles was introduced in [20] and reconsidered more recently
in [21, 22]. An extension to the case of an SU(2) x gauge group was proposed in [23], raising
the interesting possibility of a (non-abelian) spin-1 Dark Matter particle [24]. Conformal
models with local (B—L) symmetry have been investigated in [25, 26], exploiting the same
mechanism as in [3] to stabilise the radiatively generated vacuum. For these gauge groups
the phenomenology was recently reanalyzed in [27]. The unavoidable mixing between
multiple U(1) factors [28] was included in the study of the U(1)p, case [29], which also
addresses the issue of vacuum stability with U(1)p_; gauging. RG improved effective
potentials and their applications in the conformal context were considered in [30-32]. The
possibility that all scales are generated dynamically was also considered from another
point of view in [33, 34]. Furthermore it has been pointed out in [35] that the vanishing
of the SM scalar self-coupling and the associated S-function at the Planck scale could
be interpreted as evidence for a hidden conformal symmetry at that scale (and also for
asymptotic safety); this proposal is in some sense the opposite of the present scenario,
where conformal symmetry is assumed to be relevant below the Planck scale. Among the
non-supersymmetric attempts at a comprehensive approach to BSM physics the so-called
vMSM model of [36] has been widely discussed; this model is somewhat related to the
present work in that it is also based on a minimal extension of the SM, but differs in
other aspects (for instance, in trying to incorporate inflation, with the Higgs boson as the
inflaton). Other non-supersymmetric proposals with ‘new physics’ in the range accessible
to LHC include the twin Higgs models [37], minimal models with fermionic [38-40] or scalar
Dark Matter [41], as well as other interesting possibilities, e.g. [42-48]. Here we will have
nothing to say about supersymmetric models, which are characterised by more than just
minimal additions to the SM, and where there is a vast literature, see e.g. [49] for a recent
overview and bibliography.

2 Basic features of the model

To present our point of view in as clear a manner as possible this paper is structured in
line with our basic assumptions, which concern in particular

e Scalar sector
e Fermionic sector
e Pseudo-Goldstone bosons and their couplings

and which we will discuss in this section. In the following section we will discuss the
constraints that self-consistency and compatibility with the SM and other data impose on
the model and its parameters. Possible checks (that could in principle falsify our approach)
are also discussed there, as well as possible signatures that may discriminate the present
proposal from other proposals.



2.1 Scalar sector

Although full confirmation is still pending, there is good evidence that the SM Higgs boson
does not distinguish between different families (generations) [1]. Consequently, its different
couplings to the SM fermions are entirely due to the different Yukawa coupling matrices,
implying for instance that the Higgs couplings to quarks and leptons are directly propor-
tional to their masses. It would therefore seem natural to assume that possible extensions
of the scalar sector to include Majorana-like couplings to the right-chiral neutrinos should
also proceed through a ‘family blind’ electroweak singlet scalar ¢ whose vacuum expecta-
tion value generates the usual Majorana mass term required for the seesaw mechanism,
with an appropriate Majorana-type Yukawa coupling matrix Yzﬁw , and this path has been
followed mostly in past work. By contrast, we here wish to explore an alternative scenario
relaxing this assumption, and to point out several advantages that come with making the
extended scalar sector sensitive to the family structure of right-chiral neutrinos. These
concern in particular the appearance of pseudo-Goldstone bosons that are natural Dark
Matter candidates, with calculable small masses and couplings. Furthermore, thanks to the
new scalar fields, the much advertised instability of the Higgs coupling and the one-loop
effective potential in the (un-extended) SM (see e.g. [50-54] for a recent discussion) can be
avoided without great effort.

Accordingly, the main new feature of our model in comparison with the SM is its
enlarged scalar sector, while there is no corresponding enlargement in the fermionic sector,
other than the ab initio incorporation of right-chiral neutrinos (see below). The scalar
sector is assumed, on the one hand, to allow for a Majorana mass matrix for the right-chiral
neutrinos to be generated by spontaneous symmetry breaking, and with a breaking pattern
adapted to leptogenesis, and on the other to allow for the existence of very light pseudo-
Goldstone bosons that can serve as natural dark matter candidates. The appearance of
extra scalar degrees of freedom is a common feature of many proposed extensions of the SM,
and in particular, of supergravity and superstring scenarios. A distinctive feature of the
present scheme is that the new scalars, while carrying family indices, are otherwise ‘sterile’,
except for those scalars that mix with the standard Higgs boson; as we will explain below
this can lead to new experimental signatures, different from low energy supersymmetry
and other scenarios where extra scalars carry electroweak or strong charges. The assumed
sterility safeguards principal successes of the SM, in particular the absence of FCNC. While
it might appear desirable to also extend the family structure of the scalars to the quark and
lepton sector, our assumption of ‘near conformality’ seems difficult to reconcile with the
existence of scalars relating different generations of quarks and leptons: by softly broken
conformal invariance these would have to have relatively low masses, and thus conflicts
with SM data would be inevitable. In this respect, the situation is different in GUT-type
scenarios, where such extra scalars can in principle be made sufficiently heavy so as to
avoid any direct conflict with observation. However, even in that context, fully consistent
models with family sensitive scalars seem hard to come by, and we are not aware of a single
example of a model of this type that works all the way (see, however, [55] and references
therein for a recent attempt to explain the observed hierarchy of quark masses in terms of
discrete subgroups of a family symmetry SU(3)).



A new feature in comparison with [2] is thus that the scalars coupling to the right-chiral
neutrinos are assumed to admit a family-type symmetry SU(3)x that complements the
standard U(1) p_z, symmetry. This new symmetry is broken explicitly by the Dirac-Yukawa
couplings Y; importantly, the latter are very small (of order O(107%)). Accordingly, we
introduce a complex scalar sextet ¢;; = ¢;; (with family indices ¢, j,...) which are ‘blind’
to the SM gauge symmetry, hence sterile. This sextet replaces the standard Majorana mass
term triggered by a family singlet scalar ¢ according to

()Y — yn (o)), (2.1)
and similarly for the associated Majorana-type Yukawa couplings. With the usual Higgs
doublet H the scalar field Lagrangian is

Escatar = —(DH) (DFH) = Tr(0,6"0"¢) — V(H, ¢). (2:2)
The potential is
V(H,¢) = mi H'H +m3 Tr(¢¢*) + M (H'H)? (2:3)
+2X3 (HUH)Tr(6¢%) + A2 [Tr(¢"))* + A Tr(¢6"d¢"),

where all coefficient are real (traces are over family indices). This potential is manifestly
invariant under
p(z) — Up(z)UT, U cU3). (2.4)
The scalar fields ¢;; are inert under the usual SM symmetries, unlike the Higgs doublet H.
There are three different cases that ensure positive definiteness of the quartic part of
the classical potential

e A, o, M4 >0, A3> —\/)\1()\2 + /\4/3);
o My < O, A > 0, Ao > —)\4, )\3 > — )\1()\2 + )\4);
e M <0, A1 >0, Ag>—-3X, A3> —\/)\1()\2 + )\4/3).

One of these conditions has to hold for all scales between the electroweak and the
Planck scales to avoid the problem of vacuum instability, and thus to overcome one of the
main open problems of the SM in its current form. More concretely, we will require them
to hold for the running couplings \;(x) over this whole range when these are evolved with
the S-functions (3.2).

Assuming the following values of the mass parameters

m% = —2)\11]1%1 — 6/\305), m% = _2)\301%1 - (6)‘2 + 2/\4) ’U;’ (2'5)

(and thus parametrising them directly in terms of the positive parameters vy and vy) it is
straightforward to show that the global minimum of the potential takes the form?

0 vy 0 0
(H) = ( ) ;) =U| 0w 0 Uy, U €U, (2.6)
o 0 0 v

3Thus, vy and vg are the expectation values of the complex fields (we here drop the customary fac-

tor 1/v/2).



provided that (in addition to the above positivity conditions) the following inequalities are
also satisfied

A
)\1{)\2+34}—)\§>0, As > 0.

At the classical level the U(3) matrix Uy remains undetermined. The explicit breaking of
SU(3)ny symmetry to be discussed below will, however, lift this degeneracy and produce
a ‘vacuum alignment’ with Uy # 1 according to [56], and also introduce small corrections
that will lift the degeneracy of eigenvalues in (¢;;).

A second motivation for the replacement of a single complex scalar by a sextet is
the following. Because the SU(3)y invariance is assumed to be broken both sponta-
neously and explicitly (by the Yukawa interaction coupling right-chiral neutrinos to the

lepton doublets via the matrix Y%, see (2.19) below) there exist various light particles, i.e.

Z_]’
(pseudo-)Goldstone bosons. It is a general result that the manifold of Goldstone bosons

M is the quotient of the symmetry group by the symmetry of the vacuum. For (2.6) the
residual symmetry is SO(3), and therefore

M =1TU(3)/SO(3) = U(1)p—r x SU(3)n/SO(3) (2.7)

whence there are altogether six (pseudo-)Goldstone bosons in our model. One of them is
the genuine Goldstone boson associated with the exact U(1) p_r, symmetry (so we can take
out the U(1) factor).

After the symmetry breaking we have as usual the real Higgs field Hy

0
H(z) = (UH s \}§H0(1’)> , (2.8)

(in the unitary gauge) while a convenient parametrisation of the coset space M is given by
6(x) = Up 4@ (v + R(x)) 40 1 (2.9)

where flij and Rij are real symmetric matrices. The trace part of
G(z) = Z/{ofl(x)ug, (2.10)

is the (B — L) Goldstone boson a(x) that remains a Goldstone boson even when the U(3)
symmetry is broken, while the traceless part of G(z) yields the five Goldstone bosons
that will be converted to pseudo-Goldstone bosons. In accordance with the decomposition
6—1 & 5 under the residual SO(3) symmetry we can thus write

1
AU(.’L’) = 2\/év¢ a(x)&ij + AZ](CC) y TI‘A({L‘) = O, (211)
with 1
Ay =— <z> 4%2 Gy, (2.12)

where the restricted sum is only over the five symmetric Gell-Mann matrices (with the
standard normalization Tr (A*A?) = 209) and where the real fields a(x) and G,(x) are



canonically normalized. The matrix Rw(x) likewise can be split into a trace and a traceless

part, viz.
- 1

R;j(z) 7

Because the new scalars are thus only very weakly coupled to the remaining SM fields,

r(2)55; + % ;’Raxgj(:ﬁ). (2.13)

the main observable effects are due to the mixing between the standard Higgs boson and
the new scalars. In fact, the five modes R, are already the proper mass eigenstates with
eigenvalues

Mp, = 4Mqv3, (2.14)

The field r can mix with Hy and the combined mass matrix for the fields (Hp,r) reads

4)\1U12L1 4\/§)\3UHU¢
M? = (2.15)
4\/§A3@HU¢ 4(3A2 + )\4)’[)3)
and determines the mass eigenstates hg and h’
ho = cosBHy + sinfBr , h' = —sinBHy + cosfr, (2.16)

with the mixing angle 5. We identify the lighter of the two mass eigenstates hg with the
observed Higgs boson, with Mj, ~ 125GeV. The mixing will lead to a second resonance
associated with A/, which is one of the main predictions of the present model. This res-
onance should be rather narrow because of the factor sin? 8 [57]. It will have the same
decay channels to the SM particles as the standard Higgs boson (hence look like a ‘shadow
Higgs’), but depending on the actual mass of A/, there may also be other decay channels
which could broaden the resonance. We will return to this point below.

The possibility of further extension of the Higgs sector in the framework of a U(3)
symmetric scalar sector is considered in the appendix.

2.2 Fermionic sector

With right-chiral neutrinos, the SM comprises altogether 48 fundamental spin—% degrees
of freedom, in three generations (families) of 16 fermions each. It is one of our basic
assumptions that there are no other spin—% degrees of freedom.* This assumption is mainly
motivated by observation, that is, the complete lack of evidence so far of such new fermionic
degrees of freedom at LHC. In fact, already the LEP experiment had produced strong
evidence that there exist only three generations, so any extra spin—% fermions beyond the
known quarks and leptons would have to be either sterile, or otherwise appear as heavy
fermionic superpartners of the known SM bosons (thus not implying the existence of new
families of fermions).

4The occurrence of 16 fermions in one generation is often interpreted as strong evidence for an under-
lying SO(10) GUT symmetry. However, apart from the fact that SO(10) cannot explain the origin of the
family replication, there may be alternative explanations. In particular, 48 = 3 x 16 is also the number of
physical Spin-% fermions in maximally extended (N = 8) supergravity remaining after complete breaking
of supersymmetry. See [61] for a fresh look at this coincidence.



We here concentrate on the Yukawa part of the extended CSM Lagrangian, referring
to [58-60] for the complete SM Lagrangian and its properties. With the above assumptions
concerning the fermionic sector and the new scalar sextet introduced in the foregoing
section, we can write down right away the most general Yukawa couplings: the Higgs
doublet couples in the usual way, while ¢;; couples only to the right-chiral neutrinos.

Accordingly, the complete Yukawa part of the Lagrangian is®

Ly = { ~ Y H'UE} - Y7 HQ™ D}, - Y] H"=Q" U}

1 o

Here Q°, and L are the left-chiral quark and lepton doublets, U*® and D' are the
right-chiral up- and down-like quarks, while E@ are the right-chiral electron-like leptons,
and N the right-chiral neutrinos; the family indices 7,7 = 1,2,3 as well as SL(2,C)
indices are written out explicitly. Classically, the full SM Lagrangian is invariant under
lepton number symmetry U(1)z as well as under the usual baryon number symmetry U(1) p;
these two U(1) symmetries combine to the anomaly free U(1) p_z, symmetry which is hence
preserved to all orders.

The main new feature of our model is that the right-chiral neutrinos transform under
the previously introduced symmetry SU(3)y according to

Ni(z) — (U"YN(2), (2.18)

whereas all other SM fermions are inert under this symmetry.% This reflects the essential
difference in our model between the quarks and leptons on the one hand, where the Yukawa,
couplings are given by numerical matrices, and the right-chiral neutrinos on the other,
where the effective couplings are to be determined as vacuum expectation values of sterile
scalar fields. The SU(3)y symmetry is thus broken explicitly only by one term in (2.17),
namely the interaction

£y =Y} H'eL'N] + h.c, (2.19)

coupling the lepton doublet and the right-chiral neutrinos. Consequently, (2.19) is the only
term in the SM Lagrangian by which right-chiral neutrinos communicate with the rest of
the SM, and hence will play a key role in the remainder. We repeat that this interaction
does preserve U(1)p_r. The numerical matrix Y here must be assumed very small [with
entries of order O(107%)], in order to explain the smallness of light neutrino masses via the
see-saw mechanism [62-65] with TeV scale heavy neutrinos.

The neutrino masses emerge upon spontaneous symmetry breaking in the usual way,
and thus depend on the matrices m;; and M;; defined by the vacuum expectation values

®We will make consistent use of Weyl (two-component) spinors throughout, see e.g. [6] for our conven-
tions, as we have found them much more convenient than 4-spinors in dealing with the intricacies of the
neutrino sector.

5Strictly speaking, we should therefore use two different kinds of family indices, one for the usual quarks
and leptons, the other for the right-chiral neutrinos. We will refrain from doing so in order to keep the
notation simple.



of the corresponding scalar fields, viz.

Mij = ynr(dij), (2.20)

and
ms; = Y;? vg-. (2.21)

Given these matrices, the (squared) masses of the light neutrinos are then determined as
the eigenvalues of the following matrices (see e.g. [6] for a derivation), namely

m? = mim, with m=mM~tmT + ..., (2.22)
for the light neutrinos, and
1 1
M3 = MM, with M = M + imTTrm\f1 + §M*1me +..., (2.23)

for the heavy neutrinos. These formulas generalize the well-known seesaw mass formu-
las [62—65]. Assuming m ~ 100 keV and M ~ 1TeV we get light neutrinos with masses of
order 0.01eV, and heavy neutrinos with masses of order 1 TeV. The mass eigenvalues are
furthermore constrained by the known mass differences dm?.

We conclude this section by giving the neutrino propagators derived in [6] for the case
when M;; is given by (2.20) with (2.6). With a proper change of basis in the space of
right-chiral neutrinos we can assume, that M;; = Md;; with a positive parameter M (this
change will also modify m, see below). Moreover, because the effects we are looking for
depend on the small matrix m;; we can simplify the expressions further by expanding in
powers of m;j. Up to and including terms O(m?) this gives (suppressing family indices)

<l/al7ﬁ'> = —iﬂ;jaf(l — m*’D(p)*(pQ + me)mT)

. ( 1 m*m? N >
=—ipg i =———+... ],
af p2 p2(p2 +M2)
(NalNg) = —i ]éaBD(p)(p2 +mTm*)

. 1 mim M2mTm*
= 1P\ 3 2 (2 AVIRECT) IVERIRRRE
pP+M (p? + M?)2 ~ p*(p* + M?)

(Vavg) = ieoéng*D(p)*mJr

. Mm*mf N
= ie —_—t ... |,
I\ P22 + M2)

(N,Ng) = —ieasMp*D(p)

_ Mo M(mim +mTm*)

- B\ 2 (P2 + M2)? )
(vaNj) =i #,sMm*D(p)*

iy ( Mm* B Mm*(mTm* + mim) )

— Pap\ 2052 1 2 P2(p? + M2)?2 S

~10 -



(VaNg) = —ieasm™D(p)*(p* +m'm)

) m* m*mTm* n M2m*mim L+ (2.24)
= 1€ - .
PN+ M2 (P2 + M22Z " p2(p? + M2)2 ’
where
ﬁaﬁ = pﬂagﬁ’ ot = (ﬂ’ai)u
D(p) = [(0* + m"m*)(p* + mim) + p*M?] ™ = D(p)". (2.25)

In evaluating the Feynman integrals we should keep in mind that expressions containing
the matrix m;; can originate both from this expansion as well as from the interaction
vertex (2.27) below.

2.3 DPseudo-Goldstone bosons

As we already pointed out, besides the Majoron, there appear five Goldstone bosons. The
latter are converted to pseudo-Goldstone bosons via radiative corrections that originate
from the Yukawa term (2.19). To make all this more explicit we need to parametrize the
Goldstone manifold M in (2.7). To this aim, we first separate off the (pseudo-)Goldstone
modes by means of the formula (2.9). According to (2.11) we can then split A;;(z) into a
trace part and the rest. As we will see below, because of the explicit breaking of SU(3) n,
and hence also its SO(3) subgroup, induced by the Yukawa couplings Y}”, the five Goldstone
fields contained in A;;(x) will actually acquire very small masses, and thus metamorphose
into pseudo-Goldstone bosons.

To proceed it is convenient to eliminate the pseudo-Goldstone boson fields from the Ma-
jorana Yukawa coupling o NN by absorbing them into the right-chiral neutrino spinors

Ni(x) = Uge A OUTY NI (2), (2.26)

where we have included the (constant) ‘vacuum realignment matrix’ Uy that is implicitly
determined by requiring absence of tadpoles (or equivalently, (A) = 0 for the vacuum of the
one-loop corrected effective potential, see below). For the remaining SM fermions there is a
similar redefinition only involving the Majoron a(x). After this redefinition the Goldstone
modes only appear in the Dirac-Yukawa coupling (2.19) and via derivative couplings of the
type 0, A fv“H% f. The only non-derivative couplings of the pseudo-Goldstone fields are
thus given by

e = —(YYUge AOYLD HT LN + hec.
= —og(YYUse AU NI + he + - (2.27)

The Majoron a(x) has disappeared from the above interaction term because of the accom-
panying redefinitions of the left-chiral leptons, in accordance with exact U(1) g_ 1, symmetry
(thus, a(x) has only derivative couplings). Even though the interaction (2.27) now looks
non-renormalizable, it is, of course, not. However, in order to recover renormalizability in
this ‘picture’ one must expand the exponential as appropriate. For instance, at one loop
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we will have to take into account both linear and quadratic terms in A(x) when computing
mass corrections, see below.

At this point we can also absorb the vacuum realignment matrix Uy into a redefinition
of the Yukawa couplings. For this purpose we redefine the right-chiral neutrino fields

once again
*

1/2
Nel _( Yu *\J A7i x
M = () ) R, (2:25)

so that, in terms of new fermion fields, the vertex (2.27) reads

e = —og (VY e @) 5 NI 4 he + -, (2.29)

with the redefined Yukawa coupling matrix

A v\ /2

YV = < M > YVUS. (2.30)
|y

The presence of a non-trivial vacuum realignment matrix Uy entails the following redefini-

tion of the Dirac and Majorana mass matrices

A~

m=Y"vy, M= |ymlvgl. (2.31)

so the redefined Majorana mass matrix is diagonal.

For the calculation of the radiative correction we employ the neutrino matrix propa-
gators listed in (2.24), with M = |ya|ve and the replacement m — m. While the original
potential did not depend on A(x) at all, this vacuum degeneracy is lifted at one loop due
to the interactions induced by the term (2.27) in the effective potential. The result can
be expanded in powers of A, but we are interested here only in the linear and quadratic
terms. There is a finite contribution to the term linear in A;;, which is proportional to

d* M2 o
/(27r]))4p2(p2+M2)2 Tr([me’me]A>a (2.32)

and comes from the tadpole diagram, using the (voNg) and (74N 5) propagators from (2.24),
with one factor m from the vertex and the other factors containing m from the propagators.
Importantly, there are neither quadratic nor logarithmic divergences. To identify the true
vacuum we now require absence of tadpoles [56], or equivalently, the vanishing of the linear
term above. This amounts to choosing the vacuum realignment matrix Uy in such a way
that the commutator in (2.32) vanishes. Equivalently, we demand the matrix

mim = Ut (m™m)u, (2.33)

to be real; the requisite re-alignment matrix Uy always exists because mm is hermitean.
Consequently,
[, mlm*] = 0. (2.34)

whence (2.32) vanishes with this choice of Uy. We emphasize that (2.34) does not restrict
the parameters of the Lagrangian in any way, but simply tells us how the matrix Uy is
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Figure 1. Two types of diagrams that contribute to the quadratic terms in the potential for
A. Every vertex couples to either v**NJ or Efi]\_fjd; solid lines represent neutrino propagators
from (2.24).

determined from Y" in order to reach the true vacuum of the one-loop effective potential.
For notational simplicity we will drop the hats on the mass parameters in the remainder.

Remarkably, the explicit form of the matrix Uy is thus not needed, it is enough to simply
impose the condition (2.34). For instance, in the so-called Casas-Ibarra parametrization [66]
the redefined Y” matrix has the form

N 1 <
YV = TU;\/WL,,RC[ VM, (2.35)
H

with a complex orthogonal Roy matrix and a unitary matrix U, (sometimes called PMNS
matrix, being the neutrino analog of the CKM matrix); furthermore, the diagonal matrix
m,, of eigenmasses of light neutrinos

my, = diag (M1, Mu2, My 3). (2.36)
The general solution to (2.34) then requires (assuming det m, # 0)
R, = Rer. (2.37)

Thus all phases of V" are contained in the PMNS matrix. To simplify the notation we will
from now on assume that the couplings have been appropriately redefined and drop the hats
in all formulas.

At quadratic order in A there are eight contributions from the usual loop diagrams
and two contributions from the tadpole diagrams with two external A legs which endow
the erstwhile Goldstone bosons with a (small) mass. At one loop the relevant contributions
come from the diagrams depicted in figure 1 below.

Up to and including O(m?) terms they are given by

d'p —2 T, A2 2 T2 A2
(1) = (27T)4H p2 +M2’I7’L mA® + m(m m) A
—2M? T
R 1 e AT m A
—M? T
+ p—Q(pQ ) ([me,A] [m m*,A]) }, (2.38)
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and

d'p 2 0 42 —2 f)2 A2
(2) = (27T)4Tr o +M2m mA° + 02 +]\42)2(m m)
2M?
i T
+ WW’L mAm m*A
—M?

+ —< mtm, Al [mTm*, A )} . 2.39
p2(p2 +M2)2 [ ][ ] ( )
Adding the two contributions we see that all the divergent terms cancel, so we are left
with a finite integral. Integrating over the momentum we arrive at the very simple and
suggestive formula (now in terms of the dimensionful fields G(z) introduced in (2.12))

1

Leg(A) 5 ——=
r(4) 87?21)35

Tr ([me, G] [me*, G]) (2.40)
Since the terms of order O(m?) cancel at one loop, and only terms O(m?) remain, one can
worry that higher loop corrections can be more important than the contribution calculated
above. However, there is a very simple argument showing that the terms of order O(m?)
will always cancel. Namely, if we focus on terms that do not contain derivatives of A,
the only way A can appear in the formula is through the exponential factor in Yukawa
coupling (2.29). That means that the potential for A can be calculated from the contri-
butions to the vacuum energy by substituting m — me~'“ in the formulae. Because the
only structures of order @(m?) that can appear with the breaking pattern (2.6) in the
vacuum diagram are mm! and m*m7, which are invariant under this substitution, there
will be no O(m?) terms in the potential for A, at any loop order. Terms containing mm?
and m*m! that potentially could provide contributions, will not appear because lepton
number is conserved in the SM. The terms of order O(m*) can only appear because the

T

allowed structure mm”m*m' is not invariant under this substitution. This also shows why

commutator structures appear:

mmTm*mt — me=HAmTm* e 4m! (2.41)

= mmTm*m! — 2im[A, mTm*|m" — 2m[A, [A, mTm*|jm| + ...

If we had additional scalar fields like in (A.1), or any other mechanism for which M;; ~ (¢;;)
is not proportional to the identity matrix, then the structures that can appear are more
complicated. For example, instead of simple structure mm!, we could have mf (M )mT,
—iA

with f being some function of matrix M. Substituting m — me now produces the

following terms:

mf(M)m' — me A f(M)eAm! (2.42)
= mf(M)m' —im[A, f(M)Jm' + ...
Ultimately, those of the fields A that do not commute with matrix M will obtain mass

terms of order O(m?) = O((yv/m,M)?). For those that do commute however, this terms
will vanish, and the leading contribution to their mass will come from (2.40).
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The finiteness of the result (2.40) is crucial, and this is the sense in which the ap-
proximate SU(3)y symmetry ‘protects’ the pseudo-Goldstone bosons from acquiring large
masses. If there were divergences the pseudo-Goldstone masses would have to be fixed by
some renormalisation procedure, and we could no longer claim that they are ‘naturally’
small. We also note that (2.40) vanishes for diagonal G(z), hence two of the Goldstone
bosons remain massless at this order (but not beyond). As (2.40) shows, the mass values
are slightly smaller than the (light) neutrino masses. Likewise, the part in A proportional
to the unit matrix would drop out in this formula, and the associated Goldstone boson
would thus remain massless (but we note that this formula is anyway not directly applica-
ble to the Majoron a(x) as this field drops out from the vertex (2.27) after re-defining all
SM fermions).

2.4 Pseudo-Goldstone couplings

The pseudo-Goldstone particles couple, via the Yukawa interaction (2.19), to the usual
(‘non-sterile’) SM particles. Because these couplings receive non-vanishing contributions
only at higher orders in the loop expansion they are naturally small, with calculable coef-
ficients [6], and this fact makes them obvious Dark Matter candidates. In this subsection
we briefly discuss some of the possible couplings, in particular the couplings to neutri-
nos and photons. These are not only relevant to the question which pseudo-Goldstone
excitations can survive to the present epoch and hence serve as viable dark matter can-
didates, but also to the question whether their decays can be observed in principle. The
decays of these pseudo-Goldstone bosons into other lighter pseudo-Goldstone bosons are
strongly suppressed.

The first point to note is that our pseudo-Goldstone bosons cannot decay into light
neutrinos because by (2.40) their masses are generically below the light neutrino mass
values. This is crucial for them to be viable dark matter candidates, as otherwise they
would have decayed long ago! However, they can decay into photons, with a calculable
rate. This rate follows from an explicit calculation of the effective vertex

1
Leff ~ vy M1 Zi:gAW»i (m* [me?A] mT)iiFWFW’ (243)

where gay,,; is of the order of 10~% for M ~ 200 GeV. Observe that the coefficient JAyyi
depends on the family index 7 via the mass of the associated lepton m; = (m., m,, m;), oth-
erwise this term would vanish altogether with our minimization condition from (2.34). Asa
consequence the result depends on the differences between the contributions from different
leptons. Even without taking this into account the effective decay rate is extremely small

2 .2 3
Gayy My My

ma —42
ST < 107*2eV. (2.44)

Layy ~

This is many orders of magnitude less than the Hubble parameter (H L~ 10732eV).
Therefore we conclude that these pseudo-Goldstone bosons are effectively stable.
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The result (2.43) may also be important for axion searches (see [67, 68]). However, for
the present model with only a sterile scalar sextet, the effective coupling is of the order of
1 my 24 1

—~ — ~ 1077 GeV ™, 2.45
and thus far beyond the reach of current experiments. However, this situation may well
change in the presence of more complicated scalar sectors, such as the one discussed in the
appendix: if the eigenvalues of the mass matrix M of the heavy neutrinos were different

from each other, the coupling would be of order of 7% ~ 10713 GeV~!. This value would
still pose a challenge, but could be much closer to experimental verification.

We would also like to emphasize that the present model in principle allows not only
for couplings of the type (2.43), but also for axionic couplings o AF F', such that there can

appear effective couplings
1
Lot 3 0o (E* -B?) + bA E - B, (2.46)

with computable small coefficients a and b, and Ay = Zl j cijAi;j a certain linear combina-
tion of the pseudo-Goldstone bosons.

In principle the pseudo-Goldstone bosons also couple to gluons, again with computable
coefficients. As before the coupling need not be purely axionic. Not unexpectedly, the
coupling turns out to be extremely small: for the present model it is proportional to
(see [7] for a derivation)

Y fAr Almt) |2 e
Lor 3 g T (m[M M, ]m) T (GG (2.47)

in lowest order (involving several three-loop diagrams as in [6]). This expression vanishes
if the matrix MM is proportional to unity, in which case one would have to go to the next
order to obtain a non-vanishing result. However, it is possible to obtain a non-vanishing
result already at this order with a more complicated scalar sector.

3 Constraints and predictions

Any of the following three observations would immediately falsify the model:
e Discovery of a genuinely new mass scale (proton decay, WIMPs, etc.);
e Detection of new fundamental spin—% degrees of freedom;

e Detection of non-sterile charged scalar degrees of freedom, as predicted by two-
doublet models or all models of low energy supersymmetry (squarks, sleptons, etc.).

If none of the above shows up in the near future the model presented in this paper (or
some modified version thereof) can be considered as an alternative.

The first test of the proposed scenario is of course whether it is possible at all to arrange
the parameters such that all the conditions and constraints imposed by observations can
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be simultaneously satisfied in such a way that no large intermediate scales are needed, and
the subset of couplings already known from the SM agrees with the ones computed in our
model. We now list the conditions that will have to be met for our scenario to be consistent
and compatible with what has been observed so far.

3.1 Perturbative consistency

Scalar fields are usually accompanied by quadratic divergences, which are generally viewed
as posing a fine tuning challenge. With several new scalar fields beyond the SM scalar sector
we have to address this issue. The desired cancellation of quadratic divergences is one of
the main motivations for ‘going supersymmetric’, but we will here follow a different, and
more economical strategy, by imposing the cancellation of quadratic divergences directly in
terms of bare parameters at the Planck scale [4]. The underlying assumption here is that at
this scale a proper and finite theory of quantum gravity (not necessarily a space-time based
quantum field theory) ‘takes over’ that will explain the cancellation in terms of some as yet
unknown symmetry (different from low energy N = 1 supersymmetry). The corresponding
conditions were already evaluated for a simpler model in [4], where it was shown that a
realistic window could be found for the couplings. This analysis can be generalized to the
present case.

In addition we require that none of the couplings should exhibit Landau poles over
the whole range of energies from the electroweak scale to the Planck scale. Likewise, there
should be no instabilities (in the form of lower unboundedness) of the effective potential
over this range. Realizing this assumption in the concrete model at hand shows that
the putative instability of the Higgs potential in the (un-extended) SM (see e.g. [50-54])
can be avoided altogether. Obviously, these requirements lead to strong restrictions on
the couplings, and it is one of the main challenges whether these can be met with our
other assumptions.

As explained in [4] for each scalar we impose the vanishing of the quadratic divergence
associated with this scalar at the Planck mass, and then evolve back to the electroweak
scale, matching the couplings to the electroweak couplings as far as they are known. For the
investigations of the scale dependence of the couplings at one loop we need the coefficients
in front of the quadratic divergences; they read

9 3
o = 19121; + 195 + 61 + 123 — 637,
fo = 140 + 423 + 8\s — |ym|*. (3.1)

Non-zero values of Y” do not produce additional quadratic divergences at one loop, except
for a negligible contribution to fr. At one loop the S-functions do not depend on the
renormalization scheme, and can be deduced from the general expressions given in [69];
they are (8 = 16720)

19 , =41,

ng = - Fgw ) 6gy = ggya Bgs = _7937
~ 9 9 17 ~ 5
By, =yt {2%2 —8g7 — 193} - 1292} ; Byn = in\yMIQ,
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3
Br = 5 (Bgs, + 20005 + 9,) — 6y = 3 (303, + g — 4uf) M +12 (24 + 223).

Br, = 40A2 + 82 + 672 4 320004 + 2o lyns|?,

3 2 > 99% 39,
Brs = A3 [|ZJM| + 6y — 5% — P 120 + 2820+ 8X3 + 160 |,
Bae = 2205 + (2lym|* + 24%) Ay — lym [, (3.2)
and
Bm% =m? (12A1 - g (392 +97) + 6y§) + 24A3m2,
Bz = 8Xami +mj3 (28X2 + 16X + |ym[*) - (3.3)

Anomalous dimensions (in the Landau gauge) can be derived from the above expressions
and the effective potential given below

1
3272

Vo lyml?,  ym = (392, + g5 — 4u7) - (3.4)

 64r2

We also refer to [52] for an investigation of the scale dependence of fg in the (un-extended)
Standard Model.

3.2 Vacuum stability

One of the important open issues for the SM concerns the stability of the electroweak
vacuum. There are strong indications that this vacuum develops an instability around
~ 10" GeV when radiative corrections are taken into account [50-54]. More specifically,
the RG improved one-loop potential VESI(H) ~ A(u = H)H* becomes negative when the
running coupling A(u = H) dips below zero, as it does for large field values H ~ 10! GeV.
Remarkably, however, the potential fails to be positive by very little, so one might hope
that a ‘small’ modification of the theory might remedy the instability. We will now argue
that this is indeed the case for the present model.”

To confirm that the point (2.6) is indeed the global minimum of the full effective
potential we recall that we impose the conditions of positivity of the quartic potential
(listed in section 2.1) for all values of the RG scale p between the electroweak and the
Planck scale. In order to investigate this issue more carefully we note that for Y¥ = 0
the effective potential has an exact U(3) symmetry, and thus reaches all its values on a
submanifold parametrized by

v1 0 0

P 6= 0o (3.5)
_\/§ 04 ) _\/§ Y2 ) .
0 0 o3

"This stability requirement was already present in previous versions of the CSM [2, 4]. See also [71] for
an alternative proposal how to stabilize the electroweak vacuum.
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with nonnegative parameters ;. Its explicit form (in the Landau gauge and the MS
scheme of dimensional regularization) reads

Verr(0) = V(H(9), () + hVD () + O(h?), (3.6)

with the tree-level potential given in (2.4) and (we follow the notation of [70])

64m2 VI ( §:52{1 5 —;’} 3@2{ f; —;’}
N; 3 T 3
2 ¢ 2
—2§:Ni {111#2—2} 127 {111“2—2}

=1
Z 5 W 5
2 2
where
W = }2 Z_}Q 2y, 2 T_}22 NA—E 2 2 3.8
4gw9047 - 4(gw +gy)<p47 - 2yt¢47 T 2’yM| "2 ( . )
G = M@i + A3 (97 + 05+ ¢3) +mi, (3.9)
and
Si =X + X305 + Ao (01 + 03 +93) +m3,  fori=1,23, (3.10)
Si—o = =i (9r £ rpn) + X303 + (A2 + A1) (97 + 5 + 93) + m3, (3.11)

with k,I,n = 1,2,3 and k # [ # n # k. Finally S10-S13 are eigenvalues of the following
4 x 4 matrix
D, 2000102 2Xap1903  2A30104
S_ 220192 Do 2X20203  2A3¢2(4 , (3.12)
2X2p103 22203 D3 2X3p3¢04
2X3p104 23204 2A303¢04 E

where

Di = (2X2 + 3\1) @ + X303 + A2 (9] + 3 + ¢3) +m3,
E = 3\@f + A3 (07 + @5 + ¢3) +mj. (3.13)

Typically, the unimproved one-loop potential (3.6) with = M; ~ 173 GeV can exhibit
an instability below the Planck scale. However, this effect is spurious, as its origin is entirely
due to large logarithms. Although the method of RG improved effective potentials VeF%fGI
is not as powerful in the multifield case as in models with only one scalar field,® we can

nevertheless formulate an RG improved version by taking the field dependent ‘radial norm’

pA(H, ) = 2 { H'H + T (6°6) | = Z% = Jol?, (3.14)

8In particular, for multifield models with classical conformal symmetry, instead of constructing VE&!
one usually exploits the RG invariance to determine the ‘best’ value of the RG scale (i.e. the one for which
the tree-level potential has a flat direction), following Gildener and Weinberg [72].
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as the scale parameter in field space. Then one checks numerically that (the RG improved
version of ) the potential (3.6) remains positive for large values of |¢| in the range

10TeV 5 el S Mpi,

(in particular this is true for all points in the table). This is a strong indication that the
electroweak vacuum (2.6) remains the global minimum over this whole range of energies.
The apparent discrepancy between the unimproved and the improved effective potential is
the same as for the SM, where the unimproved one-loop effective potential likewise reaches
the instability already for much smaller field values than the RG improved one.

3.3 Dark matter constraints

We have already pointed out that the pseudo-Goldstone bosons of our model are natural
Dark Matter candidates. However, in order to verify that they are really viable we need
to check (1) whether they can be non-relativistic, and (2) whether they can survive till
the present epoch [73]. As for the second requirement, we have already checked that the
pseudo-Goldstone cannot decay into light neutrinos. The decay rate into photons was
found to be very small, and many orders of magnitude smaller that the present Hubble
parameter. Hence the pseudo-Goldstone particles are indeed ‘stable’.

The first requirement can be satisfied if at the time of the electroweak phase transition,
i.e. for temperatures around 100 GeV, the causally connected region is smaller than the
inverse mass of the Dark Matter candidate. This requirement comes from the fact that
the potential for the scalar fields started to be nonvanishing at the time of the electroweak
transition. At that point, the phase fields start to oscillate coherently, and the fluctuations
of smaller wavelength than the causal region are suppressed. To get a rough estimate, we
note that the causally connected region at that time of the phase transition (~ 10710 s)
was about 0.01 m; expressed in mass units this corresponds to a mass bigger than about
10~*eV. As we can see from the formula (2.40) the masses of the pseudo-Goldstone bosons
are not too much below the mass of the light neutrinos, so this requirement can be satisfied
and they are naturally in a (small) window between 10~*eV and the light neutrinos masses.

An equally important point concerns the abundance with which the Dark Matter
particles are produced, so as to arrive at the desired value Qpys ~ 0.3. In order to
derive a very rough estimate we note that this requires (amongst other things) not only
a knowledge of the pseudo-Goldstone masses, but also of the effective potential Veg(G).
All we know is that the latter must be a single-valued function on the Goldstone manifold
SU3)n/SO(3), cf. (2.7). It is also clear from our foregoing considerations this potential
is in principle calculable via the determination of the effective higher point vertices of the
pseudo-Goldstone fields. At one loop the effective potential in G derives from

Vet (G) o< Tr (me_iG/%me*eiG/%mT), (3.15)
which yields the estimate

max

X o Tr (mmIm*m') ~ m2M?, (3.16)
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for the height of the potential. The contribution to 2 then follows from scaling down the
energy density of the pseudo-Goldstone particles to the present epoch by means of the factor
(R«/Ro)? ~ (Ty/T.)? where Ry (Tp) is the present radius (temperature) of the universe,
and R, (T.) the radius (temperature) of the universe when the abundance is produced.
To estimate the latter, we observe that for T' > V_** we have thermal equilibrium, and
only for T' < V_3** can the pseudo-Goldstone particles start to be produced non-thermally

by coherent oscillations. Therefore setting T, = (Vel}f‘ax)l/ 4 seems a reasonable choice;
this gives
1 T ° 1 1/4 3 1/ 3
Q ~ poVer™ <T> ~ Porit Veit™) I~ pipg Ve M Ty (3.17)

This is indeed an estimate that also gives about the right order of magnitude for standard
axions, with Vg** = A4QCD. In our case, the result comes out too small by two or three
orders of magnitude. However, the above estimate is fraught with several uncertainties,
apart from the precise details of the production mechanism, which may give rise to all
kinds of ‘fudge factors’. In particular, since there is a ‘collective’ of scalar fields involved in
this process it is not clear whether there cannot exist new enhancement effects, similar to
the resonant effects giving rise to leptogenesis as in [5, 74]. Furthermore, a modification of
the scalar sector along the lines of section 2.2 might change the value of V_z**, for instance
replacing m2M? by m, M? in (3.16) which would give the desired number. So this issue
clearly requires further and more detailed study.

3.4 Leptogenesis

An important feature of the present model is that it can account for the observed matter-
antimatter asymmetry (~ 107!°) in a fairly natural manner. Since the masses of right-
chiral neutrinos are smaller than the usually quoted bound (3> 10° TeV) we have to assume
that the source of the asymmetry is resonant leptogenesis [5, 74]. One of the necessary
conditions for this mechanism to work is the approximate degeneracy of the masses of
right-chiral neutrinos — exactly as obtained in our model. The shift §M induced by the
Dirac-Yukawa term is naturally very small, and turns out to be exactly of the magnitude
required by the condition given in [5]:

SM ~ T, (3.18)

This is because, on the one hand, the decay rate of a massive neutrino in our model is
I' ~ Y2M. On the other hand, the mass splitting induced by the Dirac-Yukawa coupling
is 6M ~ Y2M; the latter is caused by two sources — the diagonalization of the neutrino
mass matrix in the presence of the Dirac Yukawa term (2.27) and the RGE running of
the Majorana-Yukawa couplings from Mp; down to TeV scale of heavy neutrinos. It
is important to emphasize that the condition M ~ I is thus very natural in our model,
whereas it usually requires a certain amount of fine tuning, especially in GUT type models.

If we use the formula to estimate the baryonic asymmetry given in [74] we get the
correct asymmetry taking into account light neutrino data and assuming nonzero (but
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small) phases of the PMNS matrix in eq. (2.35). In our case, as we have already said
in (2.37), the Casas-Ibarra matrix has to be real, so that the PMNS phases are responsible
for the leptogenesis. For example, the points shown in table 1, give np ~ 6 x 1070 with
PMNS phases of order 1073. We leave the details of this and other leptogenesis related
calculations to a future publication.

3.5 New scalar particles

Because much of the new structure of the model is sterile, not many dramatic new effects
are expected to be observable beyond the SM. Nevertheless, there are distinctive signatures
that are very specific to the present scenario, and that can be easily used to discriminate it
from other BSM scenarios. These are mainly due to the mixing of the new scalars with (the
Hj component of) the Higgs doublet induced by the potential (2.4) with (2.6). From (2.16)
we immediately get he decomposition of Hy in terms of the mass eigenstates hg and h’

Hy = cosBhyg — sin SR/, (3.19)

whence the scattering amplitude would be well approximated by

cos? sin? 8

. + —
P+ mio + i cos? Bmyp, FSM(m}%O) p? +m2, + isin® Bmy Dgar(m?))

. (3.20)

A

The existing experimental data suggest that | cos 5| should be close to 1, if kg is to mimic
the SM Higgs boson. The particle corresponding to h’ has not been observed yet. The
mixing will thus induce interactions of this new mass eigenstates with SM particles. In
particular the decay channels of the standard Higgs boson are also open to the new scalar
excitations, possibly leading to a kind of ‘shadow Higgs’ phenomenon, with decay am-
plitudes of approximately the same height but sharply reduced width [57]. In addition,
depending on the mass values of the new scalars there may be extra decay channels in-
volving new scalars, and possibly even heavy neutrinos, leading to a broadening of the
resonance curve.

The existence of new scalar degrees of freedom mixing with the standard Higgs boson
is the main generic prediction of the present model. It is a distinct signature that, though
perhaps not so easy to confirm, can serve to discriminate the present model from other
scenarios, in particular supersymmetric and two-doublet models which inevitably contain
non-sterile scalars, or the vYMSM model of [36], which does have a sterile scalar (and also
keV range ‘heavy’ neutrinos), but absolutely nothing above myp,, in the TeV range. Thanks
to the mixing the new scalar(s) may eventually be seen at LHC, but the actual potential
for discovery depends, of course, on their masses, mixing angles etc. The mixing would
also lead to a slight diminution in the decay width of the SM Higgs boson that can be
measured in future precision tests at the Higgs resonance.

3.6 Numerical analysis

We conclude this section by giving some numerical data which show that there exists a
wide range of points in parameter space with the following properties:
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lyasel | My | My | Mg | ts | T | BR(K — OP) | BR(ho — OP)
0.56 | 545 | 378 | 424 | -0.3 | 3.1 0.59 0.69
0.54 | 520 | 378 | 360 | -0.3 | 3.1 0.59 0.68
0.75 | 1341 | 511 | 1550 | 0.25 | 6.2 0.73 0.91
0.75 | 2732 | 658 | 3170 | -0.16 | 5.9 0.74 0.99
0.82 | 2500 | 834 | 2925 | 0.15 | 10.9 0.74 0.98

Table 1. Example points (all dimensional parameters are given in GeV).

e The quartic potential V9%t (H, ¢, i) is positive definite for all renormalization scales
u between M, and the M p;, while all dimensionless couplings ¢(u) = (M), g(p), y())
remain perturbative in this range (i.e. |c¢(u)| < 4 in our normalization conventions);

e the coefficients functions f; of the quadratic divergences defined in (3.1) vanish at
the Planck scale;

e For y = M, there exists a stationary point of the type (2.6), with vy ~ 174 GeV,
which is the global minimum of the potential (2.4); moreover, the SM-like Higgs
particle can be arranged to have M}, = 125 GeV such that |t < 0.3, cf. (3.19);

e There exists a matrix Y consistent with both Dashen’s conditions and light neutrino
data that yields np ~ 6 x 10710 as well as a positive semi-definite pseudo-Goldstone
boson mass matrix corresponding to (2.40).

Some representative numerical examples are listed in table 1 with yp; = yar(p = My).
We also show there decay width of the ‘shadow Higgs’ A’ and the branching ratios of hg
and b/ into ‘old particles’ (= OP), i.e. particles discovered prior to 2012. All points have
My, = 125GeV and vy = 174GeV.

4 Gauging (B-L)

While the consistency of the model introduced in the previous sections does not require any
further modifications some of them seem self-evident. For instance, by further enlarging
the scalar sector, there can appear additional ‘shadow Higgs bosons’. In the appendix we
present one such example with a new scalar triplet £ in the fundamental representation of
SU(3)n, which is also in complete agreement with our basic assumptions.

A more important (and perhaps also more plausible) possibility follows from the cancel-
lation of (B—L) anomalies, a fact that is widely viewed as an indication that this symmetry
should be gauged (see in particular [26, 29] for recent work in this direction in the context
of conformal invariance). Thus one can enquire under what conditions gauging U(1)p_r,
would be consistent both with our assumptions and existing experimental bounds. The
associated U(1)p_r, gauge boson (alias B’ boson) would then also appear in the scalar

kinetic terms

Suin = —Tr[(06" + 20g. B"6") (D6 — 200 BLo)] + -+ (4.1)
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From these and the expectation values (2.6) we immediately deduce the mass of
the B’-boson
my, = 2493231)35. (4.2)

This simple picture is complicated by the kinetic mixing of B’ with U(1)y gauge boson B.
The mixing can be equivalently described as a modification of covariant derivatives (with
standard, diagonal kinetic terms of gauge boson) [28]. For an arbitrary matter field we
have (with X = B—L)

Dy =0, +1[gsTi G, + guTa Wi + 9yY By + (92X + gmY) B, ,

with generators 7;, T, for SU(3)cxSU(2)w . The above form is invariant under RGE with
non-standard ‘rotating’ anomalous dimensions of gauge fields [28]. However, the condition
gm = 0 is not — even if we start at the electroweak scale with pure (B— L) gauge theory,
an admixture of Y is always generated in the RG flow. A non-zero value of g,, produces
non-diagonal elements of the (tree-level) mass matrix; in terms of mass-eigenstates we have

B, =sin( Z, + cos¢ Z,,,

where Z,, is the SM-like Z boson. In the analogous decomposition of B, and Wﬁ’ the
photon field appears in addition to Z,, and Z;L. Preliminary checks show that one can find
a range in parameter space consistent with the counterparts of conditions summarized in
section 3.6, as well as the LEP limits [75, 76]

My

T

I¢] <1073, > 7TeV. (4.3)
In our case typical values of the Z’ mass are below 10 TeV. While the appearance of a Z’
gauge boson in this range would seem difficult to reconcile with a GUT-type scenario, it
would constitute clear evidence for the present scheme! We also emphasize that the ‘pure
(B—L)’ model, defined by g,, = 0 at the electroweak scale, is consistent with our conditions,
and in particular with the modified implementation of conformal symmetry (i.e. vanishing
of the coefficients in front of quadratic divergences at the Planck scale). By contrast, the
minimal ‘pure (B — L)’ model is incompatible with vacuum stability if the symmetry is
broken by means of the Coleman-Weinberg mechanism [29].

5 SU(3)n symmetry vs. quantum gravity?

Finally, we would like to comment on one issue that concerns the eventual embedding of the
present model into a UV complete theory of quantum gravity.” Quantum gravity is widely
believed to be incompatible with global symmetries, whence only local (gauge) symmetries
are expected to survive in a ‘final’ theory, and one might therefore worry about possible
implications of this folklore theorem for the present model. The argument against global
symmetries is basically related to the evaporation of black holes. If there were conserved

9We would like to thank the anonymous referee for raising this point.
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charges associated to global symmetries, these charges, when dropped into a black hole,
would either ‘disappear’ in violation of charge conservation, or otherwise, if the charges
are really conserved, prevent black holes from decaying completely, necessarily leaving
charged remnants. Since the initial black hole can in principle have an infinite number of
charge quantum numbers, and since the associated objects would all look indistinguishably
like Schwarzschild black holes (this is where the absence or presence of gauge interactions
makes all the difference), one would thus run into a potential conflict with black hole
entropy bounds [77, 78]. However, apart from the fact that black hole evaporation, and
in particular its suspected unitary description, is still far from understood, we can proffer
the following ‘physics proof’ that the present model evades such putative trouble. First of
all, the SU(3)x is broken, both spontaneously and explicitly. Secondly, this symmetry is
very much in the spirit of the SU(3);,xSU(3)g flavor symmetry of the old quark model:
there as well, one has explicit as well as spontaneous symmetry breaking, with the pions
as the pseudo-Goldstone bosons. Just like our SU(3)y, the flavor symmetry looks like
an exact global symmetry when viewed from the Planck scale, but there is absolutely no
evidence from meson physics that quantum gravity effects or black hole evaporation modify
or invalidate the ‘naive’ predictions of the model.

In fact, this argument can be made slightly more quantitative if one invokes worm-
holes as the source of symmetry breaking (as wormholes may ‘swallow’ global charges).
While the relevant calculations are highly model dependent, one can safely assume that
symmetry breaking effects are generically suppressed in the gravitational path integral by
a factor €™ ~ fo/Mp, where fy is the scale of symmetry breaking [79]. From this esti-
mate, effects of wormholes are indeed potentially relevant for axion phenomenology and
the role of the Peccei-Quinn U(1) symmetry [80] because the scale is fo > 10'? GeV, as
conventionally assumed. By contrast, for our SU(3) y, the symmetry breaking scale fj is of
order 10 GeV. Assuming that the suppression factor equals fo/Mp we can neglect effects
of gravity in comparison with those caused by Y,, whence the potential corrections from
quantum gravity to our predictions are completely negligible.

6 Conclusions

We have proposed an extension of the Standard Model based on a new approximate SU(3) 5
symmetry acting only on right-chiral neutrinos and the new sterile scalars, under which all
SM fields are neutral. We have shown that SU(3)y symmetry breaking pattern naturally
leads to a degeneracy of heavy neutrino masses and thus to resonant leptogenesis. Moreover,
the masses and couplings of the resulting pseudo-Goldstone bosons make them viable Dark
Matter candidates. At the same time the model is perturbative up to the Planck scale and
the electroweak vacuum remains stable. The possibility of gauging B — L symmetry as well
as further extension of the scalar sector were also discussed.

The main message of this paper is therefore that there may exist a (potentially rich)
sector of ‘sterile’ scalar particles not far above the electroweak scale that would manifest
itself chiefly through the mixing with the SM Higgs boson and the appearance of narrow
resonances in the TeV range or below. This would be the main observable consequence of
the present work.
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A More sterile scalars?

Given the fact that many approaches to unification and quantum gravity come with an
abundance of scalar fields it is entirely conceivable that there exists an even larger sector
of scalar fields, and in this sense our model is just the simplest example. As one further
example, we briefly discuss in this appendix an extension of the model obtained by intro-
ducing a complex scalar triplet &; transforming as a 3 under SU(3)y, and how the presence
of such an extra field would modify the vacuum structure and other aspects of the model.
One new feature here is that &; is even ‘more sterile’ than ¢;; in that not only it does not
directly couple to SM particles (like ¢;;), but cannot even couple to right-chiral neutrinos
if we insist on renormalizability. As a consequence the associated new pseudo-Goldstone
excitations are even more weakly coupled to SM matter than those coming from ¢;;.

With the extra triplet &;, the most general renormalizable and U(3) symmetric scalar
field potential reads

V(H, $,€) = mi H'H +m3 Tr(¢¢*) + m3eT¢ + (ma&o€* + h.c.)
A1 (HTH)? + 2X3 (HTH)Te(¢6%) + Ao [Tr(¢9")]* + s Tr(¢¢* o)
s oo e + 206 HTH €6¢ + 207 €1 Tr(p0*) + s (£76)2, (A.1)

where all coefficients are real except for my (traces are over family indices). This potential

is manifestly invariant under
¢(z) — Up(x)U", &) — Ut(w), UeU@). (A.2)

One point to note is that with &; one can easily arrange for ‘anisotropic’ expectation values
(¢4;) not proportional to the unit matrix. As before there exists a range of parameters for
which the global minimum of the potential takes the form

V1 00
& =U| 0 |, (H>:<O>7 () =Up| 0 v 0 |47, (A.3)

1)5 v 00 ()

with positive parameters ve, vy, v1, v2 (# v1), the phase a fixed by arg(m4) and the vacuum
alignment matrix Uy is of the same origin as before. The important new feature due to
the presence of &; is the special form of the matrix (¢;;), with the equality of the first
two diagonal entries being due to the fact that the expectation value (¢;) singles out one
particular direction in family space, thus also lifting the degeneracy in the heavy neutrino
mass matrix obtained from (2.6).
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Because the residual symmetry of (A.3) is SO(2), and the manifold of Goldstone bosons
is the coset

M =1(3)/S0(2), (A.4)

whence there are now altogether eight (pseudo-)Goldstone bosons. These can be
parametrized as

<Z5(37) _ Z/[O eiA(:(:) (ZE(I’) iA(x)T Ug’
E(x) = Up ™ {(x), (A.5)
with
Alx) =) "Ay(z))\, (A.6)

and where the sum runs over those generators A% (now including A\ = 1) that are sponta-
neously broken by vacuum (A.3).

The analysis of the vacuum structure is now more cumbersome than before. Expanding
é(x) and &£(z) about the vacuum expectation values (A.3)

ij(x) = (big) + dy(x),  &i(x) = (&) +E(x), (A.7)

we have to ensure that the quantum fluctuations qS;j(a?) and & (z) do not contain Goldstone
bosons, as the latter are to be absorbed into U(z). In other words, the fields d);j and &
should only contain the ten heavy non-Goldstone modes. This is ensured by imposing the
condition (see [58], chapter 19)

Im{g(x)w<g> + T @) {(Nel+1® A“)(¢>}]} 0, Yae{l,...,9}. (A8

As before the main observable effects are due to the mixing between the SM-like Higgs
boson and the additional scalars, but there now appear three narrow resonances above the
already discovered Higgs boson. Once again there exists a wide range of parameters for
which the analogs of the conditions listed in section 3.6 are obeyed.
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