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The conformal standard model is a minimal extension of the Standard Model (SM) of particle physics
based on the assumed absence of large intermediate scales between the TeV scale and the Planck scale,
which incorporates only right-chiral neutrinos and a new complex scalar in addition to the usual SM
degrees of freedom, but no other features such as supersymmetric partners. In this paper, we present a
comprehensive quantitative analysis of this model, and show that all outstanding issues of particle physics
proper can in principle be solved “in one go” within this framework. This includes in particular the
stabilization of the electroweak scale, “minimal” leptogenesis and the explanation of dark matter, with a
small mass and very weakly interacting Majoron as the dark matter candidate (for which we propose to use
the name “minoron”). The main testable prediction of the model is a new and almost sterile scalar boson
that would manifest itself as a narrow resonance in the TeV region. We give a representative range of
parameter values consistent with our assumptions and with observation.
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I. INTRODUCTION

The conspicuous absence of any hints of “new physics”
at LHC, and, more pertinently, of supersymmetric partners
and exotics [1,2] has prompted a search for alternative
scenarios beyond the Standard Model (SM) based on the
hypothesis that the SM could survive essentially as is all the
way to the Planck scale, modulo “minor” modifications of
the type discussed here, see [3-22] for a (very incomplete)
list of references. In this paper we follow up on a specific
proposal along these lines which is based on our earlier
work [6], and demonstrate that this proposal in principle
allows for a comprehensive treatment of all outstanding
problems of particle physics proper. This list includes
perturbativity and stability of the model up to the Planck
scale and an explanation of leptogenesis and the nature of
dark matter,l in a way which is in complete accord with the
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We thus exclude dark energy and the origin of inflation from
this list; these are problems that, in our view, will likely require a
proper theory of quantum gravity for their complete resolution.
We note, however, that Higgs inflation [23] can be easily
incorporated into the present model [24].
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fact that LHC has so far seen nothing, and furthermore
appears to be fully consistent as a relativistic QFT all the
way up to the Planck scale Mp;, (for which we use the
reduced value Mp; ~ 2.4 x 10'® GeV). The consistency up
to that scale, but not necessarily beyond, is in accord with
our essential assumption that, at the Planck scale, an as yet
unknown UV complete theory of quantum gravity and
quantum space-time takes over that transcends space-time
based relativistic QFT. Importantly, the present approach is
essentially “agnostic” about what this theory is.

Added motivation for the present investigation comes
from very recent LHC results which indicate that the low-
energy supersymmetry (SUSY) paradigm which has
dominated much of particle physics over the past three
decades is close to failure, unless one resorts to the more
exotic possibility that “low-energy” (N = 1) supersym-
metry is broken at a very high scale. In our opinion,
however, the latter option would defeat the original
purpose of solving the hierarchy problem, and thus lack
the plausibility of the original minimal supersymmetric
standard model (MSSM). One crucial question is there-
fore how the “naturalness” of the electroweak scale can be
explained without appealing to supersymmetric cancella-
tions. In this paper we offer one possible such alternative
explanation based on [25]; another possibility which bears
some resemblance to the present scheme as far as physics
up to Mpp is concerned (but not beyond) is to invoke
asymptotic safety, see e.g. [13,26,27].

In its original form the model proposed in [6] tried to
exploit the fact that, with the exception of the scalar mass
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term that triggers spontaneous breaking of electroweak
symmetry, the SM Lagrangian is classically conformally
invariant. For this it relied on the Coleman-Weinberg
(CW) mechanism [28] to break electroweak symmetry
and to argue that mass scales can be generated purely by
the quantum-mechanical breaking of classical conformal
invariance. In this paper a modified version of this
model is presented which has explicit mass terms but
which is still conformal in the sense that it postulates
the absence of any intermediate scales between 1 TeV
and the Planck scale Mp;—hence the name, conformal
standard model (CSM). The model nevertheless
achieves a stabilization of the electroweak hierarchy
thanks to an alternative proposal for the cancellation of
quadratic divergences presented in [25], and it is in this
sense that we speak of softly broken conformal sym-
metry (SBCS). This term is meant to comprise three
main assumptions, namely: (i) the avoidance of quad-
ratic divergences, (ii) the smallness (with respect to the
Planck scale) of all dimensionful quantities, and (iii) the
smallness of all dimensionless couplings up to Mp..
With these assumptions the model is indeed “almost
conformal,” and the quantum-mechanical breaking of
conformal invariance (as embodied in the CW correction
to the effective potential) remains a small correction
over this whole range of energies. Here, we extend our
previous considerations towards a more complete pic-
ture, in an attempt to arrive at a minimal comprehensive
solution to the outstanding problems of particle physics,
in a way that remains compatible with all available LHC
results. More specifically, we here focus on the question
whether the model can offer a viable explanation for
leptogenesis and the origin of dark matter. The main
message of this paper, then, is that indeed these
problems can be solved at least in principle within this
minimal SBCS scheme. However, as we said, no attempt
will be made towards a solution of cosmological
constant problem, nor inflation or dark energy, as these
probably require quantum gravity.

The present paper thus puts together different ideas
most of which have already appeared in different forms in
the literature (in particular, conformal symmetry, extra
sterile scalars and “Higgs portals,” low mass heavy
neutrinos, resonant leptogenesis, and quantum gravity
induced violations of the Goldstone theorem), though,
to the best of our knowledge, never in the combination
proposed and elaborated here. Let us therefore summarize
the distinguishing special features and assumptions under-
lying the present work:

(i) There are no large intermediate scales between the
TeV scale and the Planck mass; in particular there is
no grand unification nor grand unified theory (GUT)
scale physics.

(i1) There is no low-energy supersymmetry; instead the
electroweak hierarchy is stabilized by the alternative

mechanism for the cancellation of quadratic diver-
gences proposed in [25].2

(iii) The consistency of the model up to the Planck scale
is ensured by demanding absence of Landau poles
and of instabilities or metastabilities up to that scale.
Possible pathologies that might appear if the model
is extrapolated beyond that scale are assumed to be
taken care of by quantum gravity, hence are not
relevant for the present analysis.

(iv) The model naturally incorporates resonant lepto-
genesis [29-32] with low mass heavy neutrinos,
where we show that a range of parameters exists
which meets all requirements. Furthermore, the
predictions of the model do not in any way affect
the SM tests that have so far confirmed the SM as is.

(v) The Majoron, i.e. the Goldstone boson of sponta-
neously broken lepton-number symmetry, is as-
sumed to acquire a small mass ~1073 eV due to a
(still conjectural) folklore theorem according to
which there cannot exist unbroken continuous
global symmetries in quantum gravity, as a conse-
quence of which it becomes a possible dark matter
candidate (whose abundance comes out with the
right order of magnitude subject to our assump-
tions). The ensuing violation of the Goldstone
theorem entails calculable couplings to SM particles
from radiative corrections, which are naturally
very small.

(vi) The main testable prediction of the model is a new
scalar resonance at O(1 TeV) or even below that is
accompanied by a (in principle measurable) reduc-
tion of the decay width of the SM-like Higgs boson.
The couplings of the new scalar to SM particles are
strongly suppressed in comparison with those of the
SM Higgs boson by a factor sin 3, where the angle j
parametrizes the mixing between the SM Higgs
boson and the new scalar. The only new fermionic
degrees of freedom are three right-chiral neutrinos.

(vii) Because our model contains no new scalars that
carry charges under SM gauge symmetries it can be
easily discriminated against many other models with
an enlarged scalar sector, such as two doublet
models.

We note that a comprehensive “global” and quantitative
analysis of the type performed here would be rather more
cumbersome, or even impossible, for more extensive
scenarios beyond the SM with more degrees of freedom
and more free parameters. For instance, even with a very
restricted minimal set of new degrees of freedom and
parameters as in the present setup, closer analysis shows

“However, this assumption by no means excludes the pos-
sibility that (extended) supersymmetry does play an essential role
at the Planck scale to ensure finiteness (UV completeness) of a
unified theory of quantum gravity.
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that in order to arrive at the desired physical effects such as
resonant leptogenesis with the right order of magnitude for
the lepton asymmetry a very careful scan over parameter
space is required, as the physical results can depend very
sensitively on all parameters of the model, so some degree
of fine-tuning may be unavoidable.

The structure of this paper is as follows. In Sec. II we
describe the basic properties of the model, and explain how
to maintain perturbativity and stability up to the Planck
scale. Section III is devoted to a detailed discussion of
leptogenesis in the CSM, and shows that a viable range of
parameters exists for which resonant leptogenesis can
work. In Sec. IV we discuss (B — L) breaking and the
possible role and properties of the associated pseudo-
Goldstone boson (“minoron’) as a dark matter candidate.
Although we present a representative range of parameters
consistent with all our assumptions and with observations,
we should emphasize that our numerical estimates are still
quite preliminary. Of course, these estimates could be much
improved if the new scalar were actually found and its mass
value measured. For the reader’s convenience we have
included an appendix explaining basic properties of neu-
trino field operators in Weyl spinor formalism.

II. THE CSM

The CSM is a minimal extension of the Standard Model
that incorporates right-chiral neutrinos and an additional
complex scalar field, which is charged under SM lepton-
number, like the right-chiral neutrinos, and generates a
Majorana mass term for the right-chiral neutrinos after
spontaneous breaking of lepton-number symmetry. In
keeping with our basic SBCS hypothesis of softly broken
conformal symmetry, that is, the absence of large inter-
mediate scales between the TeV scale and the Planck scale
Mpy, this mass is here assumed to be of O(1 TeV). To
ensure the stability of the electroweak scale it makes use of
a novel mechanism to cancel quadratic divergences [25],
relying on the assumed existence of a Planck scale finite
theory of quantum gravity, as a consequence of which the
cutoff is a physical scale that is not taken to infinity.
The phase of the new scalar is a Goldstone boson that
within the framework of ordinary quantum field theory
remains massless to all orders due to the vanishing (B — L)
anomaly, but will be assumed to acquire a tiny mass by a
quantum gravity induced mechanism, as a result of which it
acquires also small and calculable nonderivative couplings
to SM matter. The viability of the model up to the Planck
scale will be ensured by imposing the consistency require-
ments listed above. In particular, the extra degrees of
freedom that the CSM contains beyond the SM are essential
for stability: without these extra degrees of freedom the SM
does suffer from an instability (or rather, metastability)
because the running scalar self-coupling becomes negative
around 10'° GeV [33].

The field content of the model is thus almost the same as
for the SM (see e.g. [34-36] for further details, and [37] for
a more recent update). For the fermions we will mostly use
SL(2, C) Weyl spinors y, in this paper, together with their
complex conjugates y,, see e.g. [38] for an introduction.
The quark and lepton SU(2), doublets are thus each
composed of two SL(2,C) spinors

o= () v=(%)
B d’, ' N el '

=1, 2, 3 label the three families. In
addition we have their SU(2), -singlet partners Uy, D}, and

where indices i, j, ...

E!,. The new fermions in addition to the ones present in the
SM are made up of a family triplet N, of gauge singlet
neutrinos. The scalar sector of the model consists of the
usual electroweak scalar doublet H = (H;, H,) " and a new
gauge-sterile complex singlet scalar ¢(x), which carries
lepton number. This field couples only to the sterile
neutrinos and, via the Higgs portal, to the electroweak
doublet H.

A. Lagrangian
Apart from the ghosts and gauge fixing terms [34], the
CSM Lagrangian takes the form
Lesm = Lin + Ly =V, (1)

with gauge-invariant kinetic terms

Lyin = L3y + (D,H)'D'H
+ 0,4 ¢ + iN,GP 9, N, (2)

where we only display the kinetic term of the Higgs doublet
and the kinetic terms of the new fields, while EEM takes
the standard form that can be found in any textbook, see
[34-36]. The scalar potential reads

V =-miH'H — midp*p
+ A (H'H)? + 2:H Hp*p + 1, (¢* @), (3)
with m3, m3 > 0. Exploiting the symmetries of the action

we assume that the vacuum expectation values take the
form®

\/§<Hi> = vybp, \/§<¢> = Vg (4)
with non-negative vy and v,,. Clearly, we are interested in a
situation in which both the electroweak symmetry and
lepton-number symmetry are broken, and therefore we

*For the vacuum expectation values we adopt the normaliza-
tion conventions of [25].

035024-3



LEWANDOWSKI, MEISSNER, and NICOLAI

PHYS. REV. D 97, 035024 (2018)

TABLE I. Exemplary Values.

M, [GeV] sg My [GeV] vy [GeV] Vo I', [MeV] I, [GeV] Br(¢p — [SM]) Br(g — hh)
1030 -0.067 1604 17090 7.9 x 10711 4.19 4.02 0.78 0.2

893 -0.076 1238 11331 1.2 x 10710 4.186 3.3 0.76 0.2

839 —0.082 1181 11056 1.2 x 10710 4.182 3.08 0.76 0.2

738 —0.093 1052 10082 1.1 x 10710 4.174 2.66 0.76 0.22
642 —0.11 1303 19467 1.7 x 10710 4.16 2.34 0.76 0.22
531 —0.13 949 12 358 1.5 x 10710 4.138 1.92 0.74 0.22
393 —0.18 801 12591 1.0 x 10710 4.07 1.28 0.72 0.26
362 -0.20 815 14534 1.6 x 10710 4.04 1.06 0.68 0.3

350 -0.21 738 12302 7.4 x 10711 4.028 0.96 0.66 0.32
320 -0.23 751 14437 1.3 x 10710 3.984 0.86 0.66 0.32
279 —-0.28 683 14334 9.6 x 10711 3.896 0.68 0.7 0.28
258 —0.31 675 15752 1.3 x 10710 3.824 0.54 0.78 0.20
assume that vy and v, are nonzero. The values (4) 1= 1M% ~0.13 -
correspond to the stationary point of (3), provided that 0722, T (7)

the mass parameters are chosen as follows:

mi = 3v5 + A vg, m3 = vy + vy,
The tree-level potential (3) is bounded from below provided
that the quartic couplings obey

and /13 > —\//11/12. (5)

If, in addition to (5), 43 < v/4;4,, then (4) is the global
minimum of V. The physical spin-zero particles are then
two CP-even scalars & and ¢, and one CP-odd scalar
a = v/2Im(¢).* The latter is the Goldstone boson, which—
as we will argue later—acquires a small mass due to
quantum gravity effects (see Sec. IVA).

The two heavy scalar bosons are thus described as
mixtures of the two real scalar fields with nonvanishing
vacuum expectation values (s; = sinf3, c5 = cos fj),

< h ) _ < ¢ s,,) <\/§Re(H2 - (H,)) ) (©)
¢ =S5 5/ \ V2Re(d - (¢))

with masses M) and M. The angle f thus measures the
mixing between the SM Higgs boson and the new scalar. In
order not to be in conflict with existing data the angle j
must obviously be chosen small, and furthermore such that
h can be identified with the observed SM-like Higgs boson

with M), = (125.6 £ 0.4) GeV [39]. Introducing the tree-
level SM quartic coupling

A >0, 1,>0,

“Here we employ a linear parametrization of the scalar fields,
i.e. ¢ = Reg + ilmgp, because this is the most convenient one for
loop calculations. Later, however, we will switch to an expo-
nential parametrization, see Eq. (73) below, which is more
convenient to study properties of the Goldstone boson, but where
the renormalizability of the model is no longer manifest.

one can conveniently parametrize the tree-level values of
unknown parameters Vgps M,p and g in terms of the five
parameters (vy, A, 41,42, 43) as follows:

Ao = &) y S hh A
= . M2 =2—"—"—y2 (8
R PRVAE Ry wo W
and
/10—&] Uy tanﬁ
tan f = Ho = (9
A3 vy / V1 + tan’p ©)

As a consequence, the model predicts the appearance of a
“heavy brother” of the usual Higgs boson, which would
manifest itself as a narrow resonance in or below the TeV
region (see Table I below; the narrowness of the resonance
is due to the small mixing sin? 8 and the relatively large vy
scale). The SM-like Higgs boson % can, in principle, decay
into a pair of pseudo-Goldstone bosons. The corresponding
branching ratios are, however, very small (for all exemplary
points in Table I they do not exceed 0.2%). Thus, the decay
width of £ is decreased with respect to the SM value by a
factor cos? 8. In the numerical analysis we assume that
|A] <0.3; we note that available LHC data leave enough
room for such a modification of SM physics [40,41].
The Yukawa couplings are given by

Ly = {_ygpfamg;‘, L YUURHTeQ)

— YEEHTL], + Y{,N"H eL},
1

- y;!ggbzvﬂwf,} He., (10)
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with the usual Yukawa matrices YZ, Y2 and YV of the SM,
where € is the antisymmetric SU(2); metric. The matrix Y”
mediates the coupling of the SM fields to the sterile
neutrino components, while the complex symmetric matrix
YM describes the interactions of the latter with the new
scalar ¢. By fermionic field redefinitions that preserve
Eq. (2), one can assume that Y, Y and YV are diagonal
and non-negative, and that Y? differs from a positive and
diagonal Y? by the (inverse of) unitary CKM matrix
YP = YPV . In more customary notation the fermionic
fields are described by 4-component Dirac spinors of
charged leptons and up-type quarks

i € i iy
Y = Fia | Yy = i |’ (11)

together with the analogous 4-spinor field ¥},

ra
=5 (12)

for the down quarks, with a Vky-induced rotation
d!, — d'}, of the upper components [34]°

After spontaneous symmetry breaking the neutrino mass
terms are

_ CNaiy * AT 7aj
LD mpiN“vy + mjpy ;Nip

1 ] __
+ EMN,-]-N”’NQ + EMz*vileaNaj (13)

with
My = YMv,ﬁ/\/i mp = YoulV?2. (14)
The masses for light neutrinos are thus obtained via the

seesaw mechanism [42—44] and follow easily by diagonal-
izing the symmetric tree-level mass matrix (see also [45])

M = [ 0 ’”DT]. (15)

mp My

Introducing unitary 3 x 3 matrices U, and V|, and the
6 x 6 block matrix

Xi X
V= , (16)
X; Xy

with the 3 x 3 submatrices

The chiral Dirac fields usually employed are thus e, =
PLlPE = (6,0) and ep = PRlPE = (O,E), etc.

1
X, = i{]] - EmI)M;,”M;,' mD}UO,

X, = mpMy'V,,
X3 = —l.MX/ImDUo,

1
X, = {11 —EM;VlmDm})M,‘V”}VO,

one has VIV = 1 + O(||mp|?), and

Uj M, U, 0
M=y aty=[ % | FOtm ),
0 Vo My Vo
(17)
with complex symmetric matrices
M, = myMytmp, (18)

My =My + %M;,‘*m}')mg + %mDm};M,‘v”. (19)
Observe that up to O(m3,) the matrix V achieves the
diagonalization of the 6 x 6 matrix M in (15) into the two
blocks of 3 x 3 matrices exhibited above, but that the latter
are not necessarily in diagonal form yet. Employing the
Casas-Ibarra parametrization [46] of the Dirac mass matrix
mp (or equivalently the Yukawa matrix Y*; as explained
above, M can be assumed positive diagonal)

mp = M}\;ZREI [diag(mvl > My, mu3)1/2} Ult/INS’ (20)

with the unitary Maki-Nakagawa-Sakata Uy matrix (see
[46] and references therein) and a complex orthogonal
Casas-Ibarra matrix Rey (R&RCI = 1) one has

Mv = UK/INS [diag(mvlv myy, ’/’11/3)]UIJ{ANS7 (21)

which shows that m,; are light neutrino masses at the tree
level. The main advantage of the Casas-Ibarra parametri-
zation, and the reason we use it here, is that it provides a
clear separation of the parameters of Y into the ones that
are relevant for neutrino oscillations, namely m,; and the
CKM-like unitary matrix Uyns, and the ones describing
heavy neutrinos and their properties (M, R¢p).

The matrix V is now chosen such as to make VJ MV
a positive diagonal matrix [note that M differs from M,
cf. (19)]. The matrix M, in Eq. (17) is then diagonal
provided that U, = Uynsg; however, we will be mainly
interested in light neutrino states that participate in specific
fast interactions during the leptogenesis, i.e. that are
approximate eigenstates of weak interactions. Therefore,
we take U, = 1, and change the basis in the field space
so that M., in Eq. (17) is a new mass matrix (in other
words, we are using interaction eigenstates rather than mass
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eigenstates for the light neutrinos). Henceforth, ¢/, and N},
denote neutrino fields in this new basis, unless stated
otherwise, and are referred to as light and heavy neutrinos.
It is sometimes convenient to assemble these 2-component
Weyl spinors into Majorana 4-spinors

S EA R R
YN = Nia |’ Yy = pia |

Note that, as a result of the rotation with V, the (new) N’s
do couple to the massive gauge bosons already at the tree
level

Lony = iZ,(FP N, + F D" Nieoh, o)
= iZ, " (F P+ F3D" Pryyil, (23)

Luye = i(W) — iW2) F\ Njg#eei, + H.e.
= i(W} - iW)F WV ply P WL + He,  (24)
where for clarity we also give the result in standard 4-spinor

notation, and where P; z = % (1 F ) are the usual chiral

projectors. The matrices F*") follow immediately from
Eq. (16)

i

FIO = =2 (g + g)"XIX, 25)
i

FW = =2, (26)

To avoid confusion we also use calligraphic letters to
denote the couplings between the new fields N/v and the
scalars S = h, ¢, a, to wit,

Loy, = =SV NI, + Y\D* N i)
= S (VP + VY PRy, (27)

where the leading terms in mp read

C N
Y = +i{£ - v—i}vngUo,

A C
V@) = —i{i + U—Z}ngDUO,

1
Y = U_¢ngDUO7

(as said, Uy = 1). Because a main postulate behind the
CSM is the presumed absence of any intermediate scales
between the electroweak scale and the Planck scale Mpy,
the scale of lepton-number symmetry breaking v, is
assumed to lie in the TeV range. With Y, ~ 1, the masses

of heavy neutrinos are relatively small, and the light
neutrino data [39] indicate that Y* is of order Y* ~ 1075.
To allow for baryon number generation despite the low
masses of heavy neutrinos, the mechanism of “resonant
leptogenesis” was proposed and explored in [29-32]. This
mechanism is based on the observation that CP violation
(a crucial ingredient in dynamically generated baryon
asymmetry [47]) is enhanced whenever the masses of heavy
neutrinos are approximately degenerate. Accordingly, we
assume that the Yukawa Majorana matrix is in fact propor-
tional to the unit matrix, that is,

Y% = )’M(Sij (28)

with y,; ~ O(1). Consequently there is an approximate
SO(3) symmetry in the heavy neutrino sector, which is only
very weakly broken by the Yukawa couplings Y*. For
definiteness, we assume Eq. (28) to hold at the electroweak
scale, for the MS renormalization scale u= Mtop. In turn,
the mass splitting of heavy neutrinos is entirely due to the
seesaw mechanism, Eq. (19). [As emphasized in [48] the
SO(3) symmetry ensures that (28) is stable against quantum
corrections in a good approximation; nonetheless, when (28)
holds instead at high Renormalization Group (RG) scale
U, ~ Mpp, then Y¥-induced RG-splitting of y,,’s yields
splitting of heavy neutrino masses that is of similar order
as the seesaw one, see e.g. [49] ]. It should be stressed here
that, due to the degeneracy (28), the V, matrix in Eq. (17) is
clearly not an O(Y") perturbation of the identity matrix;
this is technically similar to (though physically different
from) the Dashen’s vacuum realignment condition [50] (see
also [34]).

B. Canceling quadratic divergences

We stress again the presence of explicit scalar mass terms
in (3), in contrast to the original model of [6] which relied
on the CW mechanism [28] to break electroweak sym-
metry. Our main reason for this is that the CW mechanism
does not eliminate quadratic divergences, and thus the low-
energy theory would remain sensitive to Planck scale
corrections.

At one loop the coefficients of the quadratic divergences
A2 for the two scalar fields are [25]

. 9 3
1672 f(A, g, y) = 62y + 23 +193V +Zg§ - 6y7

162232, g.y) = 44y + 443 — 32, (29)

Here g,, and g, are the SU(2); x U(1)y gauge couplings,
while y; is the top quark Yukawa coupling. For simplicity
(and without much loss in precision) we neglect all other
Yukawa couplings. Note that Eq. (29) is independent of the
details of the cutoff regularization, as long as the regulator
(here assumed to be provided by the quantum theory of
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gravity) acts in the same way on all fields. Of course,
another crucial assumption here is that we can neglect
contributions of graviton loops to (29); this assumption is
based on the hypothesis that the UV finite theory of
quantum gravity effectively screens these contributions
from low-energy physics.

An obvious question at this point is the following. One
would at first think that Eq. (29) depends on the renorm-
alization scale u via the RG running of the couplings, a
well-known issue in the context of Veltman’s conditions
[51]. This is, however, only apparent, since when all higher
corrections are included, the functions f;, f, obey appro-
priate renormalization group equations, in such a way that
the implicit scale dependence is exactly canceled by the
explicit presence of log(u) introduced by higher loop
corrections. Therefore, the all-order coefficients f;, f»
are in fact p-independent (and A-independent) functions
of the bare couplings 4z (which themselves depend on the
cutoff A, as the latter is varied). Thus, the couplings
appearing on the right-hand side of (29) are 13(A) etc.,
rather than A(u)]| p=Me, % Nonetheless, employing running

couplings A(p) is convenient also in the present context, as
these allow for a resummation of leading logarithms in the
relation between the bare couplings Az(A) and the renor-
malized ones Az = A(p)] y=,,» via the usual renormaliza-

tion group improvement (see e.g. [52-54]). In fact, in a
minimal-subtraction-type scheme based on cutoff regulari-
zation [25] (below called A-MS), the bare couplings 1z(A)
coincide with the running couplings A(u) corresponding
tou=A,

Ag(A) = A()l=n- (30)

see also [55] for a discussion of the issues appearing in
cutoff regularized gauge theories.

The appearance of bare couplings in (29) can also be
motivated and understood from the point of view of
constructive QFT (see e.g. [56]), although we are, of
course, aware that there is no rigorous construction
of the SM. There is one attempt to rigorously construct
a functional measure for interacting QFTs. This requires the
introduction of both UV and IR (i.e. finite volume)
regulators. For the regularized theory one then introduces
counterterms as functions of the bare parameters A3(A) and
tries to adjust the latter as functions of the UV cutoff A in
such a way that the theory gives well-defined physical
answers in the limit A — oo (in which the bare couplings
usually assume singular values). In particular, for a given
value of the cutoff one can thus impose the vanishing of the

®In writing these equations we suppress a reference scale y
needed to render the arguments dimensionless. The latter can be
chosen as yy = M, or alternatively as yy = p, in which case all
couplings would depend only on the ratio u/A where the cutoff A
is kept fixed (which is the case we consider below).

coefficient of the quadratic divergence as a single condition
on the bare parameters. In that framework running cou-
plings A(u) play no role; they are merely an auxiliary device
to conveniently parametrize the scale dependence of
correlation functions.

In summary, the coefficients of quadratic divergences
(29) are calculable functions of the cutoff scale A, provided
that all low-energy parameters 4; (u)|,— M, €tc. are fixed by
experiment. To determine the evolution of the couplings
from yu = My, up to A (where they are identified with the
bare couplings) in the leading logarithmic (LL) approxi-
mation we need only the one-loop beta functions [25]

[we use the notation § = 16724; furthermore we make use
of (28)]

Bi, = 2423 + 423 =30, (352 + g2 — 4y7)
9 4.,3,, .3, 4
+ g9 +49%gy + 9% — 6y
By, = 2013 + 812 + 61,33, — 3y,

~ 1
ﬂis = 5/13{2411 + 16/12 + 16/13

— (993 + 3g3) + 63, + 127} (31)
3 19 .41 }
ﬂgw = _Fggw ﬂgy = ggin :BgJ = _79:;’
. 9 9 17
By, = yt{zy? — 83— g = Egﬁ},
- 5 3
ﬁyM = EyM , (32)

which show in particular how the SU(3), gauge coupling
g, affects the evolution of y, so no Landau pole develops for
v,. This effect is also seen in the other expressions where
bosonic and fermionic contributions balance each other in
such a way that the theory remains perturbatively under
control up to Mp; (with appropriate initial values).

At this point it should be stressed that all the ingredients
necessary to find the coefficients f, f, with resummed
next-to-leading logarithms are at our disposal. In particular,
the two-loop beta functions in A-MS together with the two-
loop coefficients in a generic renormalizable model are
given in [55] (one can also find there the generic one-loop
relation between renormalized parameters in A-MS and
their counterparts in the conventional MS scheme of
dimensional regularization). However, as most of the
parameters of CSM are still unknown, we are content here
with resummation of the leading logarithms only. The
rationale behind this restriction, is that the one-loop RG
evolution in gauge-Yukawa sector is independent of quartic
scalar couplings, which significantly simplifies the scan
over the parameter space; in particular y, and gauge
couplings at the Planck scale are known. Recall that the
one-loop beta functions reflect the structure of nonlocal
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terms in one-particle-irreducible effective action I'[], and
thus are universal across different regularizations (at least in
the class of mass independent renormalization schemes
[57], to which A-MS belongs). Therefore the RG-improved
coefficients (29) at the LL order are independent of the
details of cutoff regularization as well.

We note that the cutoff dependence of coefficients
of quadratic divergences in the pure SM was already
analyzed in [58] where it was found that they cancel for
A =~ 10** GeV), and thus (logarithmically speaking) not so
far from the Planck scale. This observation motivated our
proposal that the vanishing of quadratic divergences at the
Planck scale, and thus stabilization of the electroweak
scale, may be achieved by means of a “small” modification
of the SM like the one proposed here. Ultimately, the
cancellation of quadratic divergences would be due to a still
unknown quantum gravity induced mechanism which is
different from low-energy supersymmetry (but which
could still involve Planck scale supersymmetry in an
essential way).

From the perspective of effective field theory (EFT),
valid for energies E < Mp;, we have a clear distinction
between low-energy (N = 1) supersymmetry and the
present proposal. In supersymmetric models, the under-
lying mechanism of quantum gravity appears via the
(super)symmetry of the EFT itself, and thus the cancella-
tion holds independently of the value of the cutoff

29 (A) =0, VA

By contrast, in the present context the absence of quadratic
divergences (and thus the stabilization of the electroweak
scale) manifests itself via the existence of a distinguished
value A, of the cutoff (close to the Planck scale) such that
f(A,) = 0. Importantly, the question whether or not such a
scale exists for which both coefficients (29) vanish, can in
principle be answered provided that all CSM parameters
can be measured with sufficient accuracy.

We therefore assume that such a distinguished value
close to Mp, exists, so we can impose the conditions

0, ,y) = 3 g,y) = 0 (33)

on the running couplings with y equal to the (reduced)
Planck scale; from a low-energy perspective these can be
considered as an RG-improved version of Veltman’s con-
ditions [51]. Disregarding the other SM couplings this
condition restricts the four-dimensional space of parame-
ters (41,42,43,vy), cf. Eq. (8), to a two-dimensional
submanifold.” To implement our conditions in practice
we then evolve the couplings along this submanifold from

"Because the conditions (33) are RG invariant, our approach
bears also some resemblance to Zimmerman’s reduction of
couplings [59,60].

My, back down to the electroweak scale u = M,,, and
calculate the masses and mixing angle using Egs. (8)—(9).
Moreover, to ensure perturbativity we demand that all
running couplings (including y,,) remain small over the
whole range of energies between M,, and Mp; (more
concretely, for our numerical checks we demand 0 < 44, 4,
vy < 2,and -2 < A3 < 2, see also the next subsection; in
practice for all points in Table I scalar self-couplings at the
electroweak scale are smaller than 0.25). It should be
stressed that this approach is consistent because the values
of the gauge and Yukawa couplings at the Planck scale are
independent of the values of quartic couplings, as far as
leading logarithms are concerned.

C. Stability of electroweak vacuum

One of the very few “weak spots” of the pure SM is the
metastability of the electroweak vacuum [33]. Namely, the
effective potential of the SM (with appropriately resummed
large logarithms) develops a new deeper minimum for
H > 10'° GeV, thus implying an instability of the electro-
weak vacuum via quantum-mechanical tunneling. This can
be seen also more heuristically, by following the RG
evolution 4 = A(u) of the scalar self-coupling and noticing
that for y ~ 10'° GeV the function A(u) dips below zero
due to the large negative contribution from the top quark
[33] (but becomes positive again for yet larger values of u).
For values of the fields that are much larger than the
electroweak scale, the full effective potential of the SM is
well approximated by the quartic term

Ver(H) = A(H H)?. (34)

However, here one cannot simply substitute the self-
coupling at the electroweak scale; rather, in order to avoid
huge logarithmic corrections on the right-hand side, the
correct value of the quartic coupling 1 in the above formula
is obtained by substituting the running coupling evaluated

at the appropriate energy scale of the order of VH'H, i.e.
A= 2| =i (35)

rather than 4 = A(u)| y=,,- For theories like the SM, in

which the effective potential depends only on a single field
(up to the orbits of symmetry group), this somewhat
heuristic reasoning can be put on firmer grounds, by
resumming large logarithms via the renormalization group
improvement [52-54].

For the CSM there are now two scalar fields (up to
symmetries of V) and the situation is more complicated,
basically because with more than one scalar field, the RG
improvement cannot simultaneously determine the resum-
mation of logarithms in all directions in field space. For this
reason we have to rely on the more heuristic argument, by
demanding that the positivity conditions (5) be satisfied not
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only at the electroweak scale u = M,,,, but also for the
running couplings at all intermediate scales My, <
U < Mp;,.. This provides a strong indication that the
electroweak vacuum (4) in the CSM remains the global
minimum of the full effective potential, at least in the region
|p|> < M3, H'H < M3, in which EFT is valid. Thus,
following the RG evolution from the Planck scale, where
the conditions (33) are imposed, down to the electroweak
scale we impose the inequalities

Ao() >0, A3(u) > =/ A ()A () (36)

in addition to the conditions enunciated at the end of the
foregoing subsection. These extra stability conditions lead
to further restrictions on the parameters. It is therefore a
nontrivial fact that parameter ranges exist which satisfy all
these conditions and restrictions.

A set of exemplary points consistent with all our
restrictions is given in Table 1. I';, , denote decay width
of the Higgs particle & and its “heavy brother” ¢.
Br(¢ — [SM]) is the branching ratio for SM-like decay
channels of ¢, while non-SM-like decay channels of & are
negligible for all points in the Table. )y, denotes the
current baryon number density to entropy density ratio
calculated on assumptions specified in Sec. III. In particu-
lar, the table displays a viable range of mass values for both
the new scalar and the heavy neutrinos. For all points the
heavy neutrinos are heavier than the new scalar field ¢, and
thus their decays are the main source of lepton asymmetry.
Note also the relatively large values of v, which are
necessary for successful leptogenesis. This comes about
because y,, must remain sufficiently small so as to allow for
the departure of heavy neutrinos from thermal equilibrium,
while their masses ~y, v, should be large enough so that
the departure takes place when baryon-number violating
processes are still fast. Importantly, the values of dimen-
sionless couplings corresponding to all points in the Table
are small while masses of new states are comparable to the
electroweak scale; thus one can trust that radiative correc-
tions to the tree-level masses etc. are small.

ITII. RESONANT LEPTOGENESIS

By assumption the lepton-number symmetry L of the
CSM is spontaneously broken by the nonvanishing vacuum
expectation value (¢) ~ O(1 TeV). The proper quantity to
study is therefore the lepton-number density L’ of the SM
under which heavy neutrinos have vanishing charges.8 The
individual lepton-number symmetries L}, i = e, y, 7, of the

In the following we adopt the convention that primed
quantities refer to the pure SM, while unprimed letters refer to
the CSM with its enlarged set of fields. For instance, L} is the
lepton number of species i in the pure SM, which thus excludes
the contributions of N; and the new scalar ¢.

SM (with L' = }",L?’) are only weakly broken by Y* effects
as well as by gauge anomalies.

In the framework of leptogenesis [61] the baryon number
density np in the Universe [39,62]9

ng = (6.0540.07) x 107", (37)

(where n, denotes the number density of photons) is
produced by nonperturbative SM interactions that break
baryon and lepton-number symmetries down to the non-
anomalous combination (B — L), and generate baryons
from nonvanishing lepton-number density n;/ via the usual
sphaleron mechanism [63]. Thus the problem can be
reduced to that of explaining the lepton asymmetry n;/,
which itself is produced in lepton-number and CP violating
out-of-equilibrium decays of heavy neutrinos, as they occur
in the CSM. In this way all the Sakharov conditions [47]
can be satisfied.'’

To achieve the correct order of CP violation despite
small Y* values, we rely on the mechanism of resonant
leptogenesis [29-32], which can be naturally realized
within the present scheme as a consequence of the assumed
degeneracy of the Yukawa matrix Y™, cf. Eq. (28). The
baryon number density np can then be calculated by
solving the relevant Boltzmann equations (see e.g. [64]).

A. CP violation
The CP asymmetries relevant for calculation of np are

8(%1”) F(N] g hl/i) - F(N] - hl_/l)
Jt F(Nj b hl/i) + F(N] - th) ’

(38)

L) I'(N; - Zv;) -I'(N; — Zv;)
Jt F(N] b Zl/l') + F(N/ — ZDL) ’

(39)

together with their counterparts with additional scalars (or
W-bosons and charged leptons) in the final states. The tree-
level contributions to the decay widths in the formulas
above follow immediately from the vertices in Egs. (27)
and (23)—(24),11 while nonzero contributions to &;; origi-
nate from the interference between these tree-level vertices
and loop diagrams describing the correction to proper
vertices and external lines [65]. Generically, both kinds
of corrections are of the same order [65], and are way too
small to ensure a successful leptogenesis for Y* having the

°This number is often given by normalizing with respect to the
entropy density, see (61) and (72) below.

See also [49] for a discussion of resonant leptogenesis for a
CSM-like model with gauged (B — L) symmetry.

"Here we can neglect the light neutrino masses in very good
approximation. Thus the field Py, ~v, in (27) annihilates
neutrinos v and creates antineutrinos 7, while Pgy, ~ 0% does the
opposite, see also the appendix for an explicit description of the
neutrino operators in the SL(2, C) basis.
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matrix elements of the order of 10~°. However, the external
line corrections are resonantly enhanced for (approxi-
mately) degenerate masses of heavy neutrinos [29-32].
In fact, calculation of “external” line corrections (espe-
cially in the resonant regime) requires some care, since the
incoming states correspond to unstable particles. In [66],
see also [29,67,68], the CP asymmetry eﬁ(f) was calculated
without any references to the external lines of unstable
states. Instead, the amplitudes of associated scattering
processes in which unstable heavy neutrinos appear only

as internal lines were studied; the resulting prescription for

8(.)»“) can be summarized as follows [66]. Consider the

L
inlteraction (27) between a Hermitian scalar field &, heavy
neutrinos N; (described in terms of Majorana fields WJN)
and (approximately) massless SM (anti)neutrinos, descri-
bed in terms of Majorana fields ! . Suppose that the matrix
of propagators of heavy neutrino Majorana fields y/N has
the following form (C is the charge-conjugation matrix)'

G(p) = i[p* ="' [+ m]CTC" + [nonpole part],
(40)
where the matrix of pole masses,
m = diag(m;, my, m3), (41)

is diagonal with positive real parts Re(m,) > 0, while its
imaginary part gives the total decay widths. The residue

matrices { can be written as

$=¢L® P, +(r ® Py,
T =¢l @ P+ ® Py (42)

with 3 x 3 matrices {; p carrying only family indices, and
chiral projections P; g; clearly, at tree level, in the basis of
mass eigenstates one has {; = {r = 1. If these matrices are
known, the CP asymmetry (38) can then be calculated with
the aid of the following formula [66]:

0 DA AP “
i R |2 L|2°
/ | V5l + V5]
with
L _ () ko ... 44
Vi=Yu L)+, (44)
VE = V() + (45)

where the ellipses indicate contributions of corrections to
external lines of & and y,, fields, as well as loop corrections

With apologies to the reader for the proliferation of different
fonts; unlike the tree-level masses pole masses m are in general
complex.

to the 1PI vertices (which are negligible in TeV-scale
leptogenesis). If heavy neutrinos were stable, the matrix
{r would be the complex conjugate of {;. In that case
Eqgs. (44)-(45) are nothing more than the ordinary
Lehmann-Symanzik-Zimmermann reduction rules for cal-

culating the S-matrix elements, see e.g. [69]. Similarly, the
(2Zv)
CP asymmetry &;

Eq. (43), with the following replacements:

can be calculated with the aid of

Vi = (gR)j{
V= FE )k +

(the change of chirality is caused by y*). The enhancement
effect that underlies resonant leptogenesis is due to the
¢1.r matrices which contain the factors ~(m} —m3)~! etc.
(see below).

To find the {;  matrices we use the prescription given
in [70], to which we also refer for further details.
Adopting some renormalization scheme, let I'(—p, p) be
the matrix of renormalized 1PI two-point functions (inverse

propagators) of the Majorana fields 1//{\,
D(=p.p) =C{(PZL(p?) = ML(p?))P,
+ (PZr(P?) = Mr(p?))Pr},  (46)

where matrices M;  and Z; x = 1 + O(fh) carry only
family indices. Now let M? (p?) be the following matrix
(with s = p?):

M (s) = Z1.(s)" Mr(s) Zr(s)" " ML(s).  (47)

Then the propagator of ’I/{v has the form (40) where the
(complex) pole masses m are solutions to

det(*ﬂ] - M% (s>)|s=m§ =0, (48)

while the columns of {;  matrices are given by vectors

L Rlal
Cx = [[CxmlCx]¢xml), X =L,R,

which are obtained in the following way. Let i, be an

eigenvector of M? (m 2

2), with eigenvalue m2
M7 ()& = Mz (49)
and obeying the following normalization condition:

then

Sl = N(a)épa, (51)

035024-10



CONFORMAL STANDARD MODEL, LEPTOGENESIS, AND ...

PHYS. REV. D 97, 035024 (2018)

FIG. 1. One-loop contributions to M; » and Z; p in the
Landau gauge. In CSM external lines represent heavy neutrino
Majorana fields. Solid internal lines represent all fermions (with
the exception of quarks), with dashed/springy lines denoting
scalars/massive vectors.

with a normalizing factor

1 -12
N@) = {1 MM )} (52)
where M?(s) = dM? (s)/ds, and

1
CRia) = — Zr(m3) "My, (m3)¢ 1) (53)

my

For heavy neutrinos m, # 0 and the corresponding
eigenspaces are one dimensional. Thus the above pre-
scription is all we need to calculate the CP asymmetries
€j; (for a generalization to massless or Dirac fermions, as
well as the discussion of reality properties of (; p
matrices, see [70]). To obtain the required numerical
values of Z; r and M/ p matrices, we use the one-loop
formulas given in [70]; these are valid for a general
renormalizable model in the Landau gauge and corre-
spond to the diagrams shown in Fig. 1. Since {; |, is an
eigenvector, the ordinary quantum-mechanical perturba-
tion theory for discrete spectra (more precisely, its
generalization to non-Hermitian matrices) indicates that
the components of {; are enhanced whenever masses of
fermions are approximately degenerate. This in turn
causes the enhancement of the CP asymmetry (43),
and thus lepton asymmetry, dubbed “resonant leptogen-
esis” [29].

Some remarks are in order. While the above prescription
for finding {; r matrices is, in principle, independent of
the choice of basis in the space of fields, we apply it in the
basis of tree-level mass eigenstates in which loop calcu-
lations are done. In this basis the {; p matrices [unlike the
V, matrix that diagonalizes the tree-level mass matrix itself,
cf. Eq. (17)] are numerically small perturbations of the
identity matrix, for all cases studied below. It is also worth
stressing that we completely neglect the masses of light
neutrinos circulating in loops as in Fig. 1; this is justified
since contributions of these masses are subdominant in Y”,
as can be easily checked from the mentioned generic one-
loop formulas. In light of this fact, our choice Uy =1
(rather than Uy = Uyns) in Eq. (17) for light neutrino
states is self-consistent.

B. Boltzmann equations

To determine the lepton-number asymmetry one has to
solve the Boltzmann equations in the context of an
expanding universe [64]. For the CSM the full set of
equations would be close to unmanageable due to the large
number of degrees of freedom and possible processes
involved, and one therefore has to resort to several
simplifying assumptions. A first such assumption is that
the elastic processes are fast, so that all species are in
kinetic equilibrium, having the occupancy given by the
Fermi-Dirac/Bose-Einstein distributions

f(p) = {expl(E(p) — u)/T] £ 1}, (54)

Second, in order to reduce the large number of independent
distribution functions f (or, equivalently, the associated
chemical potentials ), we assume that all the interactions
described by the Lagrangian density (1), with the exception
of those triggered by Y* or Y™, are in chemical equilib-
rium."® Note that in TeV-scale leptogenesis this assumption
is justified for the SM Yukawa couplings [71]. A further
simplification is achieved by assuming that the nonpertur-
bative SM interactions that violate B and L symmetries
down to the combinations B — L" and L} — L', are also in
equilibrium; direct analysis of these processes [48,63] indi-
cates that this assumption is reasonable for 7" = 80 GeV.
Note that, although X =(B—L’) unlike (B—L) or
(L;—=L}) has a X —X—X anomaly, it does not have
anomalies in the presence of the SM gauge field back-
ground, and thus it is preserved by sphalerons. In other
words, B — L" and L} — L, are violated only by Y* induced
interactions, and only these interactions contribute to the
Boltzmann equations for the densities of these differences,
see Egs. (63) and (64), i.e. spaleronic interactions cancel
out [clearly, these equations must then still be supple-
mented by the ones for the heavy neutrino densities,
see (68)].

Under these circumstances, there are four independent
chemical potentials for the SM species, which correspond
to these global symmetries, and, in addition, after the
electroweak phase transition, to the electric charge; how-
ever, the electric neutrality of the Universe allows us to
express the charge potential as linear combinations of the
remaining ones [72]. For our purposes, it is convenient to
choose the light neutrinos’ potentials as independent ones

Hy, = He, + Hw, - (55)

Neglecting masses of SM particles, p, can be
expressed in terms of individual SM Ilepton-number

YRecall that, when the reaction i + j — k + [ between par-
ticles i, j, k and [ is in chemical equilibrium, then the corres-
ponding chemical potentials obey the relation y; + p; = py + py-
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densities nLr 1n the broken phase of the SM, which
simplifies to'

T 7513 '

where i # j # k # i. Similarly, the lepton-number den-
sity can be expressed in terms of the B — L’ density as
follows [72]:

Znu = —i—z [nB - Znu} (57)

To simplify the BEQs for the number densities, we
approximate the occupancies (54) with the Maxwell-
Boltzmann distributions

f s expl—(E - u)T]. (58)

This allows us to perform some of the momentum
integrals analytically (and should not lead to errors
bigger than 20% [66]). In this approximation, the
distribution of heavy neutrinos N; can be written as

ny.
fn, = exp(—E/T)TNé, (59)
ny;

where ny, is the number density of N;, while nEQ is

the value ny, in the chemical equilibrium (i.e. the one

corresponding to the vanishing chemical potential, as

indicated by various y,-induced annihilation processes,

e.g. N;N; — t1, see Fig. 2) that reads (see e.g. [73])
2

EQ myT
ny° =—5—
i T

K2<mN/T), (60)
with K,(z) denoting the modified Bessel functions of
the second kind [similarly, thermally averaged decay
widths lead to the appearance of K(z) in BEQs below]
and my = va¢/\/§ being the Majorana mass (the mass
splitting due to Y* is negligible as far as the distri-
butions of heavy neutrinos are concerned). Since the
Majorana mass in the present model originates from the
vacuum expectation value of ¢, we assume below that
the baryon asymmetry is produced after spontaneous
breaking of B — L, from initially symmetric state. The
analysis of phase transition will be given elsewhere.

Due to the expansion of the Universe it is convenient to
write the BEQs for densities normalized to the entropy
density s(7T) o T? (see e.g. [64])

"“This result can be easily obtained by repeating the analysis of
[72] without the assumption that y,, = p, for all flavors i. Note
that in the present context there are no rapid flavor-mixing
interactions; in particular matrix elements of Y are small.

Yx = (61)

z2=2(T)=—. (62)

With these approximations, it is fairly easy to write
BEQs for the densities of (approximately) conserved
charges. In particular, the symmetries B — > ,L} and L —
L’] are violated only by the Y”-induced interactions (but not

by anomaly induced instanton processes). Denoting by D%
the appropriate combinations of averaged squared ampli-
tudes of Y”-induced processes that violate Lf-, one can write
the relevant BEQs for the densities of these nonanomalous
charges in the following form:

d , ,
s(T)H(T)zd—Z Vi =Yyl =D"-D",  (63)

- ZJ&;} = —ZDL;, (64)

where H(T) o T? is the expansion rate of the universe [64].
The BEQs for individual ));, follow then immediately from

s(T)H(T)zdiZ [V

(57). The dominant contributions to D,-L' come from decays
and inverse decays of heavy neutrinos (as well as the
subtraction of their real intermediate states from the
associated scattering processes, the latter has been taken
care of by following the approach of [66]; in particular
decays of heavy neutrinos with equilibrium distributions
yN,. =
agreement with the Sakharov conditions [47]). To the first
order in small parameter (56), DLi have the form (for a
discussion of thermally averaged rates, see e.g. [73])

. om Iy, W,
o nios (B o)

J Nj

2 do not contribute to DL given below, in

with

*M

[F(Nj - Xt;)=T(N; - )_(zj”l»)], (66)

I
~

where the summation runs over different decay channels
with ¢; € {e;,v;} denoting a charged or neutral lepton of
ith flavor. Clearly, £; can be calculated with a good
accuracy at the tree level. In calculating Aj;, the CP
asymmetries introduced in the previous section are crucial
[cf. Eq. (38)]

035024-12



CONFORMAL STANDARD MODEL, LEPTOGENESIS, AND ...

PHYS. REV. D 97, 035024 (2018)

FIG. 2. Annihilation diagrams N;N; — XY induced by y,,.
Standard Model fermions are depicted as double solid lines.

A=Y el X [N(N; - X¢,) +T(N; - XZ))].  (67)
X0

For given Yy, = Yy (2), Egs. (63)~(64) form a system
of three equations for three independent functions n,
cf. Egs. (56) and (57). They have to be supplemented with
three more equations for yN]_

dVy,

s(NH(T)z—

— NN N N
=D} + A} + S}, (68)

where Df’ represents the effects of Y”-induced decays of a
heavy neutrino N;

3 y
N _ my N; _
G =

where the total decay width is determined via I“Nj &
—Im(m;/2) with the pole mass obtained from Eq. (48).
While this is the standard contribution to BEQs that occurs
also in “minimal” leptogenesis scenarios, the other two
contributions labeled AY and S} are absent in such a
minimal framework, as they represent contributions arising
from the new scalar field ¢. More specifically, A;V describes
the rates of y,-induced annihilation processes of heavy
neutrinos (see Fig. 2), and Sj\' represents the rates of
inelastic scatterings shown in Fig. 3.

mN yNJ 2
- )

m In12 [ 12
o= el el )

i#]

where
Klo] = 2/ dsv/s(s — 4m3) K, (/s/T)o(s).  (70)
(2my)?
Here 6;(s) denotes the total cross-section for the processes

N;N; — XY shown in Fig. 2, while 6;_,(s) is the cross-
section for the processes N;N; — N;N; (Fig. 3). [Note that

FIG. 3. O(y3,) inelastic processes N;N; — N;N ;.

these cross sections are summed, rather than averaged, over
initial spin states, and that the form of the lower limit in (70)
appears because heavy neutrinos turn out to be the heaviest
particles in the model; for a discussion of thermally
averaged cross sections see e.g. [73].] Despite the huge
hierarchy between y,, and Y*, both classes of processes are
equally important, since DY and AY (S}) have different
dependencies on z. The importance of y,,-induced proc-
esses was emphasized in [74] (see also [49,75] for a
discussion in the context of local B — L models). Their
presence is a main difference between models with sponta-
neous lepton-number violation and the “minimal lepto-
genesis,” in which Y is the sole source of nonconservation
of both, B — L’ as well as the number of heavy neutrinos. In
particular, they keep heavy neutrinos in thermal equilib-
rium at early times (see also the discussion in the next
subsection).

C. Results

For Y =v/2mp/vy we use the Casas-Ibarra parametri-
zation (20), assuming inverted ordering (m,3 <m,; < mbzls)
with central values of all neutrino oscillation parameters,
including the Dirac phase of the matrix Upns, given in [39]
(Table 14.7 on page 252). For both unconstrained Majorana
phases in Uy we take the value 2z/5, while for the
lightest neutrino we assume m,3 = 1.08 x 1073 eV. As to
the complex angles of Casas-Ibarra matrix, a set of values
(in the standard CKM-like parametrization) that works is
the following:

9z 33§ 6r 18 4z 11§
= — _— = — _— = — —_— 1
a=ctoe, P=Ftoe. r=st5, (71
so that
—-0.15+2.0i -2240.1i -0.75-0.63i
R~ 2.2+0.13: 0.02+1.9; —0.4940.68i
—-0.18—=0.06i —-0.31-0.42; 1.0-0.13;

While the matrix elements of Ry are of order O(1), the
above form of R¢ ensures that the decay width of one
of the heavy neutrinos is suppressed in comparison with
the other two. This allows for a sufficient departure
from equilibrium in the range of temperatures in which
B-violating processes are still fast. Let us emphasize that

"The inverted ordering of light neutrino masses is just a choice
that we made for the scan over remaining parameters, but not
necessarily a prediction of our model.
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FIG. 4. Leptonic asymmetries ),  for different flavors as a
function of inverse temperature for the first point in Table I.

there is nothing unique about this choice of parameters,
which we have adopted here simply because it does give the
right order of magnitude for the lepton asymmetry; there
may thus exist other viable ranges of parameters.

For the integration of the BEQs, we assume that for

T = 10m, heavy neutrinos are in equilibrium (Y, = yﬁ?)
while all leptonic asymmetries );, vanish. The resulting

baryon asymmetry Yy (for T = 100 GeV, when B-violat-
ing interactions decouple) is given in Table I. It corresponds
directly to the present value )Vp, predicted by CMS, under
assumption of entropy conservation. Using the present
entropy to photon ratio s = 7n, [64], the baryon-to-photon
ratio (37) translates into

Vpo ~ 8.6 x 10711, (72)

we thus see that the values in Table I agree quite well with
the data. Although our input value for s does not include the
contribution form Majorons to the total entropy, their
inclusion would not affect our results in any essential way.

The integral curves of Boltzmann equations are illus-
trated, for the first point in Table I, in Figs. 5 and 4. Note
that, due to fast y,-induced interactions, heavy neutrinos
depart from equilibrium for relatively small temperatures;
this behavior was also observed in [74]. Nonetheless, our
analysis shows that successful resonant leptogenesis is
possible. We note that the y,,-induced processes justify our
assumption about initial thermal abundance of heavy
neutrinos. In fact, the present baryon asymmetry is essen-
tially independent of the distribution of heavy neutrinos for
T > my. This can be seen in Fig. 6, where the dynamically
generated lepton asymmetry for thermal initial distribution
of heavy neutrinos (solid line) is compared with its
counterpart for vanishing initial abundance (dashed line).
We also stress that the effects of thermal corrections to
particles’ masses were neglected here, and will be dis-
cussed in a separate publication, where also issues related
to the phase transition will be addressed.

1078L A A A
02 04 06 038 1.0

100GeV /T

L 1

FIG. 5. Departure 5,\,], = ny/yf\,? — 1 of different flavors of
heavy neutrinos from thermal equilibrium as a function of inverse
temperature for the first point in Table I. Only one flavor has
a significant departure in the range of temperatures in which
B-violating processes are fast.

Let us also mention that a similar analysis can be
performed for the model with an extended scalar sector
that was proposed in our previous work [17]. The result is
that resonant leptogenesis does not work in that case, even
though for that model Eq. (28), and thus the near degen-
eracy of heavy neutrino masses, is an automatic conse-
quence of spontaneous symmetry breaking. The reason is
that with this extended scalar sector, the minimization
condition for the pseudo-Goldstone boson potential
(Dashen’s condition [34,50]) requires R¢; to be real,
whence the unitary matrix Uyng in (20) is the sole source
of CP violation. This CP breaking turns out to be
insufficient to overcome the rapid y,,-induced interactions
that keep heavy neutrinos in thermal equilibrium: the
processes of the type A and S above are generically faster
in the presence of more scalar fields.

0.01 0.02 0.05
100 GeV /T

FIG. 6. Total leptonic asymmetry );, for the first point in
Table I. The solid line corresponds to thermal initial abundance of
heavy neutrinos (for Ty = 10my). The dashed line corresponds
to vanishing initial abundance of heavy neutrinos (for
Ty = 10my). In both cases vanishing of initial asymmetries
yL; is assumed.
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IV. DARK MATTER

We next turn attention to the Goldstone boson that
accompanies the spontaneous breaking of (B — L) sym-
metry. We note that this particle comes “for free”” with our
model, and provides a natural “habitat” for lepton-number
violation, a feature that we exploited already in the previous
section. However, spontaneous symmetry breaking is not
enough for a possible explanation of dark matter, because
for that the Goldstone boson must acquire (an albeit tiny)
mass by a separate mechanism.

A. Explicitly breaking (B —L) symmetry

As already evident from the previous section an impor-
tant feature of the CSM in its unbroken phase is the lepton-
number symmetry under which also the new scalar ¢
transforms nontrivially. However, rather than focusing on
this symmetry separately, we will now consider the (B — L)
transformations which likewise leave the Lagrangian (1)
invariant

(Le(x). B4 (x). Ni(x)) = e7(Lg(x). Ej(x). Ni(x))
Dy (

(Qi(x), T} (x). Di(x)) = €¥(Qiy(x). U, (x), Dj(x))
p(x) > e p(x).

The appearance of both barred and unbarred spinors here is
dictated by demanding invariance of the Yukawa inter-
actions (10); clearly, the resulting transformations of the
Dirac fields (11) and (12) are indeed nonchiral. The reason
for considering (B — L) rather than just lepton number is
that this symmetry is anomaly free (see e.g. [34]), which
ensures that after spontaneous symmetry breaking ¢(x)
contains, in addition to a real massive scalar, also a
Goldstone boson that remains massless to all orders in
perturbation theory thanks to the vanishing (B —L)
anomaly. Some of these properties are better visible in
the exponential parametrization

) = % (vp + R(x) exp(2iA(x))  (73)

where we split the complex field ¢(x) into a modulus
R(x) + v, and a phase A(x). The latter can be absorbed
into a redefinition of the fermions

Xa(X) = xa()NY = exp[—i(b = £)A(x)Jra(x).
Ta(%) = Za(x)NWY = exp[+i(b — £)A(x)]7a(x), (74)

where y,(x) is any CSM Weyl field, and (b —?) is its
charge under U(1),_,. Due to the exact (B — L) invariance
the field A(x) then appears in the new Lagrangian with
redefined fields only via derivative couplings originating
from the kinetic terms of ¢ and y,’s, to wit,

‘Cint & (b - f))?daﬂaﬂ)(ﬂayA (75)
(we drop the label NEW) and the kinetic term
,Ci?in = 21)(2/)8”A8,,A 4 (76)

which is not canonically normalized; the dots stand for
couplings of A(x) to the real scalar R(x). In this picture the
fact that A(x) couples only via derivatives is completely
manifest.'®

The above parametrization in terms of redefined fields
will be referred to as the “exponential picture” (as opposed
to the “linear picture” introduced in Sec. II A). In particular
R(x) is the counterpart v/2Re(¢) from Sec. I A, that is, it
describes mainly the extra massive scalar boson ¢ with a
small admixture of the SM-like particle 4, cf. Eq. (6), while
A(x) corresponds to the Goldstone mode a(x) up to
normalization. The shift symmetry in the Goldstone field,
A(x) = A(x) + const, is manifest in the exponential pic-
ture, but the price to pay is that manifest renormalizability
is lost.

Although the field A(x) thus cannot acquire a mass term
within the framework of relativistic QFT in flat spacetime,
we now recall a folklore theorem (still based on somewhat
heuristic reasoning, cf. [76-78]) according to which there
cannot exist exact continuous global symmetries in a
quantum theory of gravity. This then leaves two options:
either (B — L) is gauged, in which case there is an extra
massive Z' boson, or otherwise the (B — L) symmetry is
broken explicitly by quantum gravity effects.

The former possibility has been studied both within a
GUT context (in which case Z’' would be very heavy) or in a
“low-energy” realization with a Z' boson whose mass is
x vé; a possible realization of the latter scenario within the

CW context was investigated in detail in [8]. Although we
will not further consider this possibility here, let us note
that for the CSM, gauging (B — L) would give a very
definite prediction for the mass of the Z’' vector boson.
From the gauged kinetic term for ¢

(04 + 2iqp. Z,,0p)" (0, + 2iqp Z),h) (77)

we would get (after spontaneous symmetry breaking)
mz = 2\/ECIBL<¢> = ZQBLU([:- (78)

The potential discovery of ¢ and knowledge of v, and gp;
would thus severely constrain the possible range of mass
values for Z', such that existing lower bounds on the mass
of Z' (that now exceed 4 TeV [2]) could already exclude
this possibility.

Due to the small mass term to be introduced below, cf. (80),
there will also arise nonderivative effective couplings to SM
fields which are very small [45].
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Because there is so far no evidence for a low lying Z’
vector boson, and because we wish to exploit the presence
of the Goldstone boson in a different way by exploring its
possible role as a dark matter candidate, we will here
consider the second option, invoking (as yet unknown)
quantum gravity effects, possibly in the form of a non-
perturbative self-regularization of IR divergences, to gen-
erate a mass for the Goldstone boson. The nonperturbative
breaking of (B — L) symmetry via quantum gravity was
already considered in [79] which also invokes a gravity
induced mass for the Majoron to derive limits on its mass
from the requirement that it should not lead to overclosure
of the Universe. Although that work invokes a dimension 5
operator rather than a dimension 6 operator, as we do here,
and does not appear to consider possible connections with
dark matter, we note that, interestingly, it also arrives at the
conclusion that the scale of (B — L) symmetry breaking
must not exceed O(10 TeV). See also [80] for a proposal
along these lines with gauged U(1),_, and an extra scalar
field as the dark matter candidate.

To implement the explicit symmetry breaking, we thus
postulate the mass term

4

_ v
!
which breaks U(1)gz_, symmetry explicitly to its discrete
subgroup Z,. Unlike continuous symmetries, discrete
symmetries are generally believed to be compatible with
quantum gravity, which is our reason for excluding
dimension 5 operators, as the Z, symmetry of the CSM
is thus preserved. Here v is assumed to be of the same order
of magnitude as v, and the above mass term should thus be
treated on a par with the tree-level Lagrangian. The inverse
factor of Mp? in (79) is included because this term is
expected to be the low-energy effective operator originating
from quantum gravity. Importantly, (79) breaks (B — L)
symmetry only softly, and thus does not entail new
quadratic divergences, nor (B — L) breaking dimensionless
couplings, in analogy with the soft terms in MSSM-like
models.

Without spontaneous symmetry breaking the above mass
term is completely negligible. When (B — L) symmetry is
spontaneously broken, however, this term will manifest
itself in the form of a violation of the Goldstone theorem,
by endowing the Goldstone boson with a tiny mass and,
in fact, a periodic potential for the Goldstone field A(x).
The Goldstone theorem is a well-known result of flat space
QFT, but there is no reason to expect it to hold in the
presence of a curved spacetime background or in the con-
text of quantum gravity, and this is a possibility we wish to
exploit here. A possible breakdown of the Goldstone
theorem in the framework of curved space QFT has already
been discussed in the literature, see e.g. [81-83] all of
which reach the conclusion that in a curved background

such as de Sitter space the Goldstone boson acquires a
(small) mass. Choosing v ~ 1 TeV in formula (79) as an
example we get

2 2
my =~ 1077 eV. (80)
MPL

With the assumed small quantum gravity induced mass and
because of its very small couplings to SM particles, we
name the associated pseudo-Goldstone particle minoron.

Importantly, the operator equation (79) in the exponen-
tial picture not only generates a mass term for the minoron,
but also induces very small (and calculable) nonderivative
couplings for the scalar field A(x). In particular the
continuous shift symmetry A(x) — A(x) + const is now
reduced to a symmetry under discrete shifts, which implies
that the induced potential for A(x) must be a periodic
function.

B. Minorons as dark matter candidates

The mass estimate (80) lies very well within the range
of mass values generally accepted (or even desired) for
dark matter constituents. Of course, in any such model
we have to ensure that the dark matter candidate cannot
decay early on in the history of the Universe, and therefore
we assume that m, < 2m,."” In this section we briefly
discuss the potential prospects for the minoron to be a
viable dark matter candidate. In addition to its stability to
decays, this requires that minorons must be created in
sufficient amounts and in such a fashion that they can
clump (as opposed to being thermally distributed like the
CMB). There are obviously many analogies between the
present proposal and axionic dark matter scenarios [87,88],
as the axion is also a pseudo-Goldstone particle. On the
other hand, there are also differences—in particular, there
is no immediate link between the minoron and the
strong interactions, unlike for the usual axion, although
axionlike couplings can be generated via higher loop
corrections [45].

A main feature of any dark matter model concerns the
possible interactions with SM matter which must be small.
The coupling between the minoron and photons is of the
loop origin. After summation over the helicity states of final
photons, the amplitude for the processes a — yy can be
bounded above by the following estimate:

—~ 12
M—{Ziw} <l o s

where F is at least of the order of masses of particles
circulating in the loops. Clearly gauge invariance of the ayy

"For a discussion of my > 2m,, case in the context of dark
matter, see [84-86].
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vertex requires at least one momentum for each photon;
when the minoron is on-shell we have p? ~m3j. Taking
F =100 GeV and m, = 1073 eV we get

142

— < —48

[(a—-vyy) = Tomm, ~ 107" GeV. (82)
Comparing this with the age of the Universe
(Hy~107%? GeV) we see that the minorons can easily
survive to the present epoch. Nonetheless we should note
that the decay width in Eq. (82) is, in fact, overestimated by
many orders of magnitude. First, the amplitude (81)
originates from multiloop diagrams of the type discussed
in [45], while in (81) we have included only coupling from
vertices to which external lines are attached, as well as a
single loop-suppression factor. Second, Goldstone bosons
of nonanomalous symmetries have derivative couplings to
gauge-invariant operators (see e.g. [34]), thus additional
powers of p*/vj ~ m3/v;, should appear on the right-hand
side of (81); while the minoron is pseudo-Goldstone boson,
the explicit breaking of (B — L) would itself introduce an
additional factor m3/v3.

The minoron abundance is more difficult to estimate,
and we can offer only some preliminary heuristic argu-
ments at this point. The contribution to the density can
come from three sources: particles, strings and domain
walls. Minorons, being lighter than light neutrinos, can
decay only into photons but their lifetime is longer than
the age of the Universe, so they are effectively stable—
therefore they pose no problem for the galaxy formation,
nor for the nucleosynthesis. At the present time the relic
thermal density of minorons is negligible. The minoron
potential becomes relevant when the field ¢ acquires its
vacuum expectation value, and the minoron field decouples
from other fields (its interaction with neutrinos is too weak
to maintain equilibrium). The field starts to be dynamical
when 3H ~my; (¢) thus starts to differ from zero at
T ~ 1 TeV. In this case both quantities are of the order of
1073 eV. The initial density of coherent oscillations is
Pose ~m5v? and after dilution it gives a negligible con-
tribution now. So we are left with strings (that decay very
fast) and domain walls as the most important possible
source of dark matter in the late history of the Universe
relevant for the present day [80,89-91].

We can write the approximate Lagrangian for A(x) as

1
L inoron = 21}%’59’“’8,,A5‘,,A ~2 vémf\[l —cos(4A)].  (83)

Since 2A is a phase [see (73)] the period equals 7 (and not
2r), and this is important for the stability of domain walls.
For axion dark matter scenarios this stability is usually a
problem, as it could lead to an overclosure of the Universe,
but it is not a problem for the present scheme because the
domain walls start to have a significant effect only in the

present era, when the cosmological constant starts to
dominate the evolution of the Universe.

We now assume that the domain wall connects two
consecutive minima of the potential (along the z direction),
for example O and z. Neglecting time derivatives we have to
solve the equation (where the prime denotes derivative with
respect to the physical coordinate z)

2
_Ma

A’ (z) 2 sin(4A(z)) =0 (84)

with A(—oc0) = 0 and A(oo) = /2. The solution reads
A(z) = arctan(e™?). (85)

We can calculate the surface energy of the domain wall by

= /_: dz2vi<<%>2 +'%3‘(1 - cos4A)> (86)

with the result
6 = 2myv;. (87)

Assuming m, ~ 1073 eV and vy ~2 TeV we get 6 ~2 X

10* eV/m?. Assuming that these domain walls are very
large, and that there is one wall per Hubble volume, the
energy density thus comes out to be

(1) ~ GH(1) ~ ’70 (GeV/im?) (88)

where #; ~ 4 x 10'7 s is our present time. Remarkably, we
thus arrive at the right order of magnitude for the present
density of dark matter

pom ~ 1 GeV/m?. (89)

The presence of one or several large domain walls at the
time of last scattering could have observable impact on
the CMB spectrum especially for low ¢ (quadrupole) so
possibly the domain walls should start decaying into
(cold) minorons before the last scattering. Then the above
estimate should be slightly changed since the energy
density of particles decreases faster than that of domain
walls. However, this topic requires further study for a more
precise analysis.

One can also note that the self-interaction of massive
minorons via interactions with right-chiral neutrinos
(via box diagrams a la Euler-Heisenberg) gives similar
values as would be required by the Steinhardt-Spergel
analysis of dark matter in the Abell cluster [92]. The values
for the cross section are in the region o~ m, X
1072+ ¢cm? GeV~! which gives (for my ~ 1073 eV) 6 ~
10736+ ¢m? i.e in the region of cross sections mediated by
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the exchange of heavy neutrinos. In conclusion, and subject
to our assumptions on quantum gravity induced mass
generation for the minoron we have shown that the
CSM can offer a viable scenario for the explanation of
dark matter.

V. OUTLOOK

To conclude we summarize the main features of the CSM
elaborated in this paper:

(i) There is a range of parameter values for which the
CSM is perturbative and the electroweak vacuum
remains stable for all energies up to Mpy.

(i) The main prediction of the model is a new and
almost sterile scalar resonance which comes with
low mass heavy neutrinos, but nothing else.

(iii) All new degrees of freedom are very weakly coupled
to SM matter.

(iv) There exist Casa-Ibarra matrices Ry for which
resonant leptogenesis is possible.

(v) The pseudo-Goldstone boson associated with the
breaking of (B — L) (minoron) is a possible dark
matter candidate, whose nonvanishing mass is an
indirect manifestation of quantum gravity.

We stress again that these properties set the CSM apart
from many other current proposals (such as SUSY Higgs,
two doublet models, vectorlike models) where neutral
scalars are usually accompanied by other and “nonsterile”
charged excitations, and which would all have to be
produced together. So, barring the inconvenient possibility
that a new scalar could escape detection because the
associated resonance could be too narrow for the LHC
energy bins, the acid test of the present model will be
whether or not the new scalar shows up in future LHC
searches with increased luminosity. In this way the model is
eminently falsifiable.
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APPENDIX: FIELD OPERATORS FOR MASSIVE
AND MASSLESS NEUTRINOS

Since the use of the Weyl fields in S-matrix calculations
is perhaps not so common, for readers’ convenience we
here give the explicit decompositions of the corresponding
field operators in terms of creation and annihilation
operators [see e.g. [38] for an introduction to SL(2,C)
spinor formalism]. These expressions can be derived for
instance following Weinberg’s procedure [93,94] (although
we use different normalization conventions), and they are
the ones used in the computation of the matrix elements

(hv|Ly|N) and (ho|Ly|N) required for the determination of
the CP asymmetries in (38).

For the massive case, and suppressing family indices, the
field operator N%(x) in the fundamental representation
takes the form

> [
i) 2(2x)3/m? 4 p?

x {u(p)b,(p)e~ """ + %(p)bi(p)e’’"},

N%(x) =

where p* = (p,p) is on shell: p® = /m?+ p%. The
normalization of creation and annihilation operators can
be read off from the anticommutator

[b,(p). bi(q)], =21/m? + p?5,,(27)°5%) (p — q).

The two-component spinor wave functions #%(p) and
7%(p) can be likewise read off as the column vectors

i(p) =By,  B(p) =Bpe! (A1)
from the 2 x 2 matrix
B L 5, +mi) (A2)
=———|[pto, + ml|,
P V2m %)

where e~ is the inverse antisymmetric metric, and where r,
s = £1/2 label the eigenvalues of J5 in the rest frame. The
conjugate Weyl spinor operator is obtained by taking the
Hermitian conjugate N, = ¢,sN/".

These formulas are, of course, in complete accord with
textbook formulas in 4-spinor notation. More precisely,
combining N, and N into a Majorana spinor as in (22) we
reproduce the standard formula

P B —
“ind 227)3\/m* +p?

x {U,(p)b,(p)e~ """ + V,(p)b}(p)eP},
(A3)

wn(x) =

with the 4-spinors U = (v,, #%) and V = (u,, 7*) obeying
the completeness relations

> U.)T.(p)=p+m

r

> V.(p)V.(p)=p-m,

r

(A4)

with the Weyl representation of Dirac matrices, see [38].
Although with this normalization the limit m — 0 is
nonsingular, a more physical choice of basis for massless
spinors corresponds to the helicity eigenstates, rather than
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just the formal limit of the above expressions. In this basis
we have for massless spinors

ey~ [ EP
)= [ Sy ®

x {a, (p)e — a (p)einn}.

Because of the degeneracy of the Weyl operator p,o* in the
massless case there is now only one spinor wave function,
unlike for the massive case where there are two. This
helicity wave function satisfies the Weyl equation
Puhs’ (p) = 0 and obeys the completeness relation

w(p)w’(p) = puo. (AS5)
The helicity eigenstates are
v(p)) = al(p)|0),  [2(p)) = al(p)|0) (A6)

whence al (p) creates a helicity —1/2 neutrino, while
a’ (p) creates a helicity +1/2 antineutrino. Notice also,
that the associated 4-spinors appearing in the resulting
decomposition of the Majorana field w, in (22) are
consistent with the massless limit of (A4).

[1] https://atlas.web.cern.ch/Atlas/fGROUPS/PHY SICS/Com-
binedSummaryPlots/SUSY/.

[2] https://atlas.web.cern.ch/Atlas/GROUPS/PHY SICS/Com-
binedSummaryPlots/EXOTICS/.

[3] R. Hempfling, Phys. Lett. B 379, 153 (1996).

[4] M. Shaposhnikov, arXiv:0708.3550, and references therein.

[5] Z. Chacko, H. S. Goh, and R. Harnik, Phys. Rev. Lett. 96,
231802 (2006).

[6] K. A. Meissner and H. Nicolai, Phys. Lett. B 648, 312
(2007).

[7]1 Y. G. Kim, K. Y. Lee, and S. Shin, J. High Energy Phys. 05
(2008) 100.

[8] S. Iso, N. Okada, and Y. Orikasa, Phys. Lett. B 676, 81
(2009).

[9] R. Foot, A. Kobakhidze, and R. Volkas, Phys. Rev. D 82,
035005 (2010).

[10] M. Holthausen, M. Lindner, and M. A. Schmidt, Phys. Rev.
D 82, 055002 (2010).

[11] E. Gabrielli, M. Heikinheimo, K. Kannike, A. Racioppi,
M. Raidal, and C. Spethmann, Phys. Rev. D 89, 015017
(2014).

[12] M. Lindner, S. Schmidt, and J. Smirnov, J. High Energy
Phys. 10 (2014) 177.

[13] M. Shaposhnikov and C. Wetterich, Phys. Lett. B 683, 196
(2010).

[14] S. Andreas, C. Arina, T. Hambye, F. S. Ling, and M. H. G.
Tytgat, Phys. Rev. D 82, 043522 (2010).

[15] F. Goertz, Phys. Rev. D 94, 015013 (2016).

[16] M. Heikinheimo, A. Racioppi, M. Raidal, C. Spethmann,
and K. Tuominen, Mod. Phys. Lett. A 29, 1450077 (2014).

[17] A. Latosinski, A. Lewandowski, K. A. Meissner, and H.
Nicolai, J. High Energy Phys. 10 (2015) 170.

[18] A. Ahriche, K. L. McDonald, and S. Nasri, J. High Energy
Phys. 02 (2016) 038.

[19] A. Ahriche, K. L. McDonald, and S. Nasri, J. High Energy
Phys. 06 (2016) 182.

[20] A. Ahriche, A. Manning, K. L. McDonald, and S. Nasri,
Phys. Rev. D 94, 053005 (2016).

[21] A. Karam and K. Tamvakis, Phys. Rev. D 92, 075010
(2015).

[22] A. Karam and K. Tamvakis, Phys. Rev. D 94, 055004
(2016).

[23] F. Bezrukov, D. Gorbunov, and M. Shaposhnikov, J.
Cosmol. Astropart. Phys. 06 (2009) 029.

[24] J. Kwapisz and K. A. Meissner, arXiv:1712.03778.

[25] P.H. Chankowski, A. Lewandowski, K.A. Meissner,
and H. Nicolai, Mod. Phys. Lett. A 30, 1550006 (2015).

[26] M. Niedermaier and M. Reuter, Living Rev. Relativity 9, 5
(2006).

[27] A.D. Bond, G. Hiller, K. Kowalska, and D. F. Litim, J. High
Energy Phys. 08 (2017) 004.

[28] S. Coleman and E. Weinberg, Phys. Rev. D 7, 1888 (1973).

[29] A. Pilaftsis, Phys. Rev. D 56, 5431 (1997).

[30] A. Pilaftsis, Nucl. Phys. B504, 61 (1997).

[31] M. Flanz, E. A. Paschos, U. Sarkar, and J. Weiss, Phys. Lett.
B 389, 693 (1996).

[32] L. Covi and E. Roulet, Phys. Lett. B 399, 113 (1997).

[33] D. Buttazzo, G. Degrassi, P. P. Giardino, G. F. Giudice, F.
Sala, A. Salvio, and A. Strumia, J. High Energy Phys. 12
(2013) 089.

[34] S. Weinberg, The Quantum Theory of Fields, Volume 2:
Modern  Applications (Cambridge University Press,
Cambridge, 1996).

[35] O. Nachtmann, Elementary Particle Physics: Concepts and
Phenomena (Springer Verlag, Berlin, 1999).

[36] S. Pokorski, Gauge Field Theories (Cambridge University
Press, Cambridge, 2000).

[37] P. Ramond, The Five Instructions, The Dark Secrets of the
Terascale (TASI 2011), Proceedings of the 2011 Theoretical
Advanced Study Institute in Elementary Particle Physics
Boulder, Colorado, 6 June—I July 2011 (World Scientific,
Singapore, 2011).

[38] J. Bagger and J. Wess, Supersymmetry and Supergravity
(Princeton University Press, Princeton, 1992).

[39] K. A. Olive et al. (Particle Data Group), Chin. Phys. C 38,
090001 (2014).

[40] C. Patrignani et al. (Particle Data Group), Chin. Phys. C 40,
100001 (2016).

[41] M. Aaboud et al. (ATLAS Collaboration), J. High Energy
Phys. 10 (2017) 132.

035024-19


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/SUSY/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/SUSY/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/SUSY/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/SUSY/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/SUSY/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/EXOTICS/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/EXOTICS/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/EXOTICS/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/EXOTICS/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/EXOTICS/
https://doi.org/10.1016/0370-2693(96)00446-7
http://arXiv.org/abs/0708.3550
https://doi.org/10.1103/PhysRevLett.96.231802
https://doi.org/10.1103/PhysRevLett.96.231802
https://doi.org/10.1016/j.physletb.2007.03.023
https://doi.org/10.1016/j.physletb.2007.03.023
https://doi.org/10.1088/1126-6708/2008/05/100
https://doi.org/10.1088/1126-6708/2008/05/100
https://doi.org/10.1016/j.physletb.2009.04.046
https://doi.org/10.1016/j.physletb.2009.04.046
https://doi.org/10.1103/PhysRevD.82.035005
https://doi.org/10.1103/PhysRevD.82.035005
https://doi.org/10.1103/PhysRevD.82.055002
https://doi.org/10.1103/PhysRevD.82.055002
https://doi.org/10.1103/PhysRevD.89.015017
https://doi.org/10.1103/PhysRevD.89.015017
https://doi.org/10.1007/JHEP10(2014)177
https://doi.org/10.1007/JHEP10(2014)177
https://doi.org/10.1016/j.physletb.2009.12.022
https://doi.org/10.1016/j.physletb.2009.12.022
https://doi.org/10.1103/PhysRevD.82.043522
https://doi.org/10.1103/PhysRevD.94.015013
https://doi.org/10.1142/S0217732314500771
https://doi.org/10.1007/JHEP10(2015)170
https://doi.org/10.1007/JHEP02(2016)038
https://doi.org/10.1007/JHEP02(2016)038
https://doi.org/10.1007/JHEP06(2016)182
https://doi.org/10.1007/JHEP06(2016)182
https://doi.org/10.1103/PhysRevD.94.053005
https://doi.org/10.1103/PhysRevD.92.075010
https://doi.org/10.1103/PhysRevD.92.075010
https://doi.org/10.1103/PhysRevD.94.055004
https://doi.org/10.1103/PhysRevD.94.055004
https://doi.org/10.1088/1475-7516/2009/06/029
https://doi.org/10.1088/1475-7516/2009/06/029
http://arXiv.org/abs/1712.03778
https://doi.org/10.1142/S0217732315500066
https://doi.org/10.12942/lrr-2006-5
https://doi.org/10.12942/lrr-2006-5
https://doi.org/10.1007/JHEP08(2017)004
https://doi.org/10.1007/JHEP08(2017)004
https://doi.org/10.1103/PhysRevD.7.1888
https://doi.org/10.1103/PhysRevD.56.5431
https://doi.org/10.1016/S0550-3213(97)00469-0
https://doi.org/10.1016/S0370-2693(96)80011-6
https://doi.org/10.1016/S0370-2693(96)80011-6
https://doi.org/10.1016/S0370-2693(97)00287-6
https://doi.org/10.1007/JHEP12(2013)089
https://doi.org/10.1007/JHEP12(2013)089
https://doi.org/10.1088/1674-1137/38/9/090001
https://doi.org/10.1088/1674-1137/38/9/090001
https://doi.org/10.1088/1674-1137/40/10/100001
https://doi.org/10.1088/1674-1137/40/10/100001
https://doi.org/10.1007/JHEP10(2017)132
https://doi.org/10.1007/JHEP10(2017)132

LEWANDOWSKI, MEISSNER, and NICOLAI

PHYS. REV. D 97, 035024 (2018)

[42] P. Minkowski, Phys. Lett. 67B, 421 (1977).

[43] M. Gell-Mann, P. Ramond, and R. Slansky, in Supergravity,
edited by P. van Nieuwenhuizen and D.Z. Freedman
(North-Holland, Amsterdam, 1979), p. 315.

[44] T. Yanagida, Prog. Theor. Phys. 64, 1103 (1980).

[45] A. Latosinski, K. A. Meissner, and H. Nicolai, Nucl. Phys.
B868, 596 (2013).

[46] J.A. Casas and A. Ibarra, Nucl. Phys. B618, 171
(2001).

[47] A.D. Sakharov, JETP Lett. 5, 24 (1967).

[48] A. Pilaftsis, Phys. Rev. D 78, 013008 (2008).

[49] S. Iso, N. Okada, and Y. Orikasa, Phys. Rev. D 83, 093011
(2011).

[50] R. Dashen, Phys. Rev. 183, 1245 (1969).

[51] M. Veltman, Acta Phys. Pol. B 12, 437 (1981).

[52] B. M. Kastening, Phys. Lett. B 283, 287 (1992).

[53] C. Ford, D.R.T. Jones, P.W. Stephenson, and M. B.
Einhorn, Nucl. Phys. B395, 17 (1993).

[54] K. A. Meissner and H. Nicolai, Acta Phys. Pol. B 40, 2737
(2009).

[55] P. H. Chankowski, A. Lewandowski, and K. A. Meissner,
J. High Energy Phys. 11 (2016) 105.

[56] J. Glimm and A.M. Jaffe, Quantum Physics: A Func-
tional Integral Point Of View (Springer Verlag, New York,
1987).

[57] S. Weinberg, Phys. Rev. D 8, 3497 (1973).

[58] Y. Hamada, H. Kawai, and K. Oda, Phys. Rev. D 87, 053009
(2013).

[59] W. Zimmermann, Commun. Math. Phys. 97, 211 (1985).

[60] K. Sibold, Acta Phys. Pol. B 19, 295 (1988).

[61] M. Fukugita and T. Yanagida, Phys. Lett. B 174, 45 (1986).

[62] P.A.R. Ade er al (Planck Collaboration), Astron.
Astrophys. 571, A16 (2014).

[63] V. A. Kuzmin, V. A. Rubakov, and M. E. Shaposhnikov,
Phys. Lett. 155B, 36 (1985).

[64] E. W. Kolb and M. S. Turner, The Early Universe, Frontiers
in Physics Vol. 69 (Addison-Wesley Publishing Company,
Reading, MA, 1990), pp. 1-547.

[65] J. Liu and G. Segre, Phys. Rev. D 48, 4609 (1993).

[66] A. Pilaftsis and T. E.J. Underwood, Nucl. Phys. B692, 303
(2004).

[67] W. Buchmiiller and M. Plumacher, Phys. Lett. B 431, 354
(1998).

[68] A. Anisimov, A. Broncano, and M. Plumacher, Nucl. Phys.
B737, 176 (20006).

[69] C. Becchi, arXiv:hep-th/9607181.

[70] A. Lewandowski, arXiv:1710.07165.

[71] A. Abada, S. Davidson, A. Ibarra, F.-X. Josse-Michaux, M.
Losada, and A. Riotto, J. High Energy Phys. 09 (2006) 010.

[72] J. A. Harvey and M.S. Turner, Phys. Rev. D 42, 3344
(1990).

[73] G.FE. Giudice, A. Notari, M. Raidal, A. Riotto, and A.
Strumia, Nucl. Phys. B685, 89 (2004).

[74] D. Aristizabal Sierra, M. Tortola, J. W.E. Valle, and A.
Vicente, J. Comol. Astropart. Phys. 07 (2014) 052.

[75] J. Heeck and D. Teresi, Phys. Rev. D 94, 095024 (2016).

[76] R. Holman, S.D.H. Hsu, T.W. Kephart, E. W. Kolb,
R. Watkins, and L. M. Widrow, Phys. Lett. B 282, 132
(1992).

[77] R. Kallosh, A.D. Linde, D. A. Linde, and L. Susskind,
Phys. Rev. D 52, 912 (1995).

[78] R. Bousso, J. High Energy Phys. 07 (1999) 004.

[79] E. K. Akhmedov, Z. G. Berezhiani, R. N. Mohapatra, and G.
Senjanovic, Phys. Lett. B 299, 90 (1993).

[80] I. Z. Rothstein, K.S. Babu, and D. Seckel, Nucl. Phys.
B403, 725 (1993).

[81] G. Borner, Prog. Theor. Phys. 43, 244 (1970).

[82] D. Boyanovski, Phys. Rev. D 86, 023509 (2012).

[83] T. Arai, Phys. Rev. D 88, 064029 (2013).

[84] C. Garcia-Cely and J. Heeck, J. High Energy Phys. 05
(2017) 102.

[85] J. Heeck and D. Teresi, Phys. Rev. D 96, 035018 (2017).

[86] S. Boulebnane, J. Heeck, A. Nguyen, and D. Teresi,
arXiv:1709.07283.

[87] P. Sikivie, AIP Conf. Proc. 805, 23 (2000).

[88] R. Alonso and A. Urbano, arXiv:1706.07415.

[89] Y. Zeldovich, I. Y. Kobzarev, and L. Okun, Zh. Eksp. Teor.
Fiz. 67, 3 (1974).

[90] P. Sikivie, Phys. Rev. Lett. 48, 1156 (1982).

[91] A. Vilenkin and E.P.S. Shellard, Cosmic Strings and
Other Topological Defects (Cambridge University Press,
Cambridge, 2000).

[92] D. N. Spergel and P. J. Steinhardt, Phys. Rev. Lett. 84, 3760
(2000).

[93] S. Weinberg, Phys. Rev. 133, B1318 (1964).

[94] S. Weinberg, Phys. Rev. 134, B882 (1964).

035024-20


https://doi.org/10.1016/0370-2693(77)90435-X
https://doi.org/10.1143/PTP.64.1103
https://doi.org/10.1016/j.nuclphysb.2012.11.027
https://doi.org/10.1016/j.nuclphysb.2012.11.027
https://doi.org/10.1016/S0550-3213(01)00475-8
https://doi.org/10.1016/S0550-3213(01)00475-8
https://doi.org/10.1103/PhysRevD.78.013008
https://doi.org/10.1103/PhysRevD.83.093011
https://doi.org/10.1103/PhysRevD.83.093011
https://doi.org/10.1103/PhysRev.183.1245
https://doi.org/10.1016/0370-2693(92)90021-U
https://doi.org/10.1016/0550-3213(93)90206-5
https://doi.org/10.1007/JHEP11(2016)105
https://doi.org/10.1103/PhysRevD.8.3497
https://doi.org/10.1103/PhysRevD.87.053009
https://doi.org/10.1103/PhysRevD.87.053009
https://doi.org/10.1007/BF01206187
https://doi.org/10.1016/0370-2693(86)91126-3
https://doi.org/10.1051/0004-6361/201321591
https://doi.org/10.1051/0004-6361/201321591
https://doi.org/10.1016/0370-2693(85)91028-7
https://doi.org/10.1103/PhysRevD.48.4609
https://doi.org/10.1016/j.nuclphysb.2004.05.029
https://doi.org/10.1016/j.nuclphysb.2004.05.029
https://doi.org/10.1016/S0370-2693(97)01548-7
https://doi.org/10.1016/S0370-2693(97)01548-7
https://doi.org/10.1016/j.nuclphysb.2006.01.003
https://doi.org/10.1016/j.nuclphysb.2006.01.003
http://arXiv.org/abs/hep-th/9607181
http://arXiv.org/abs/1710.07165
https://doi.org/10.1088/1126-6708/2006/09/010
https://doi.org/10.1103/PhysRevD.42.3344
https://doi.org/10.1103/PhysRevD.42.3344
https://doi.org/10.1016/j.nuclphysb.2004.02.019
https://doi.org/10.1088/1475-7516/2014/07/052
https://doi.org/10.1103/PhysRevD.94.095024
https://doi.org/10.1016/0370-2693(92)90491-L
https://doi.org/10.1016/0370-2693(92)90491-L
https://doi.org/10.1103/PhysRevD.52.912
https://doi.org/10.1088/1126-6708/1999/07/004
https://doi.org/10.1016/0370-2693(93)90887-N
https://doi.org/10.1016/0550-3213(93)90368-Y
https://doi.org/10.1016/0550-3213(93)90368-Y
https://doi.org/10.1143/PTP.43.244
https://doi.org/10.1103/PhysRevD.86.023509
https://doi.org/10.1103/PhysRevD.88.064029
https://doi.org/10.1007/JHEP05(2017)102
https://doi.org/10.1007/JHEP05(2017)102
https://doi.org/10.1103/PhysRevD.96.035018
http://arXiv.org/abs/1709.07283
https://doi.org/10.1063/1.2149671
http://arXiv.org/abs/1706.07415
https://doi.org/10.1103/PhysRevLett.48.1156
https://doi.org/10.1103/PhysRevLett.84.3760
https://doi.org/10.1103/PhysRevLett.84.3760
https://doi.org/10.1103/PhysRev.133.B1318
https://doi.org/10.1103/PhysRev.134.B882

