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We study a seesaw-type extension of the standard model in which the symmetry group is enlarged by a
global U(1). We introduce adequate scalar and fermion representations which naturally explain the
smallness of neutrino masses. With the addition of a viable scalar dark matter candidate, an original
scenario of leptogenesis emerges. We solve the relevant set of Boltzmann equations and show how

leptogenesis can be successfully implemented at the TeV scale. The constraints on the scalar mass
spectrum are derived and the dark matter phenomenology is discussed.
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L. INTRODUCTION

Now that we entered in the LHC era, the standard model
(SM) of elementary particles can be definitively tested.
Until now, the SM has been extremely successful, as no
strong signals of new physics have been observed so far at
particle accelerators. However other experiments have
longtime evidence for the need of extensions of the SM
particle content. Neutrino oscillations are the prime among
them on the particle side, but the compelling gravitational
evidences for the existence of dark matter (DM), as well as
the observation of a matter-antimatter asymmetry in the
Universe, all call for new physics.

From neutrino oscillation experiments we know that
at least two neutrinos should be massive with an overall
mass scale m, constrained by different observations:
m, < 1 eV. More precisely, experiments with solar, at-
mospheric, reactor and accelerator neutrinos [1-10] set
two mass scales in the theory, Am2 and Am?, which drive
the solar and atmospheric neutrino oscillations, respec-
tively [11]:

Amg = (7.59070) X 1075 eV?,

5 4o (1.1)
Amjy = (243 £0.13) X 1077 eV~

Moreover, these experiments show that flavor neutrino
mixing, described in terms of the PMNS [12—-14] matrix,
is characterized by two large mixing angles, 6, and 6,3,
and a small one, 63 [15].

On the cosmological side, the matter content of the
Universe has been measured with precision by WMAP
[16]. The resulting dark matter and baryon number den-
sities, Qpy and Oy, are

PACS numbers: 11.30.Fs, 95.35.+d, 14.60.St, 12.60.Fr

Several gravitational observations confirm the existence
of nonbaryonic matter [17], which is not accounted for in
the SM. New physics extensions are then necessary and
various viable DM candidates exist [17]. However, the real
nature of DM is still elusive, as no direct proof has been
observed—or firmly confirmed—so far [18-21]. The mea-
surement by WMAP of the baryonic matter content of the
Universe is in agreement with the value predicted by big
bang nucleosynthesis from the observations of the primor-
dial abundances [22]. However, an excess of baryons over
antibaryons is observed, and the standard cosmological
scenario fails to explain this baryon asymmetry of the
Universe (BAU). Particle physics extensions of the SM
are advocated to justify this: in relation with neutrino
masses, the leptogenesis scenario [23,24] constitutes one
of the most elegant solutions.

In this paper we study a minimal extension of the SM in
which it is possible to address, in a consistent way, the
three puzzles listed above. The model is based on a global
U(1)p_; symmetry, which is spontaneously broken below
the electroweak symmetry breaking (EWSB) scale. The L
charge is a generalization of the usual lepton number L,
as L = L for the SM particles. The light neutrino masses
are explained within a seesaw framework [25], through
the introduction of a SM singlet Dirac fermion N, to-
gether with three Brout-Englert-Higgs scalar particles:
two SU(2)y doublets H;, and a SM singlet H;, which
drive the EWSB by acquiring nonzero vacuum expectation
values (vevs). All these extra degrees of freedom are
charged under the global U(1),_; symmetry. In e.g. [26],
neutrino masses were generated in models with similar
scalar spectrum and/or based on a (spontaneously broken)
global symmetry, although in different physical frame-
works. In our scenario, when the seesaw scale is set in
the TeV-range, such a particle content provides a UV-
completion of the inverse-seesaw mechanism of neutrino

Qpy=0.22920.015, Qp=0.0458=0.0016. (1.2) .. generation [27].
Nevertheless, with just this particle content, neither the
*fxjossemichaux @gmail.com observed amount of baryon asymmetry nor the dark matter
WLemiliano.molinaro@ist.utl.pt abundance, Eq. (1.2), can be accounted for.
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TABLE I. Charge assignment of the fields.

Field fa €Ra ND Ng Hl H2 H”; S
B-L -1 -1 -1 0 0 2 -2 -1

In order to solve also these two important issues, we
complete the model by introducing a Majorana neutrino
N3 and a complex scalar S. Both particles are SM singlets,
although S is charged under the global U(1),_;.
The particle content of the model is summarized in
Table I, together with the U(1)z_; quantum numbers of
the fields. The new scalar S provides, after the breaking of
U(1)g_ ;. anatural dark matter candidate, whose stability is
guaranteed by a remnant Z, symmetry.

It is remarkable that the introduction of S allows a TeV
scale scenario of leptogenesis. Indeed, as the Majorana field
N3 couplesto N and S, the out-of-equilibrium CP-violating
decays of N3 can generate a number density asymmetry in
Np and S, resembling the standard thermal leptogenesis
mechanism in the type I seesaw extension of the SM.
However, in the present case leptogenesis is implemented
in two steps: first an asymmetry in Ny, and S is generated by
the decays of N3; in a second phase, the Dirac neutrino
asymmetry is transferred to SM leptons by sufficiently fast
neutrino Yukawa interactions. The latter set a link between
successful leptogenesis and viable neutrino mass generation
via the seesaw mechanism. Finally, as in standard lepto-
genesis, nonperturbative sphaleron effects partly convert
this lepton asymmetry into a net baryon number [28].

In Sec. II we discuss neutrino mass generation through
the (inverse) seesaw mechanism. In Sec. III we tackle the
problem of the BAU and study the constraints on the
parameter-space of the model imposed by successful lepto-
genesis. The computation of the CP asymmetry and the set
of coupled Boltzmann equations governing the number
density evolutions are reported in the final appendices. In
Sec. IV we discuss the scalar sector of the theory, deriving
the mass spectrum and corresponding constraints. In
Sec. V we study the possibility of having a viable dark
matter in the model and comment on the possible obser-
vation of DM in direct detection experiments. Finally, in
the last section we summarize the main results of the paper.

II. NEUTRINO MASSES WITH A GLOBAL U(1),_;

An effective Majorana neutrino mass term is generated
below the EWSB scale from the following part of the
interaction Lagrangian:

— Ly D MNpNp + (J”iﬁbgwi + ygﬁﬁgyj

(04 _
+ - HyN,N§ + Hc)

7 (2.1)
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where €¢; = (v;, e;)T (i=-e, u, 1), N§=CNY and
H, = —io,Hy (k=1, 2).! The coupling constant & and
the neutrino Yukawa couplings y| , are complex parame-
ters. As we will see in the following, the phase of « plays a
crucial role in the generation of the CP asymmetry neces-
sary for the production of the observed amount of BAU.

The terms reported in the Lagrangian (2.1) provide a
dynamical realization of the inverse seesaw mechanism
[27] for the generation of neutrino masses in the case the
mass of the Dirac field N, is taken in the TeV-range. More
specifically, in our scenario the standard lepton charge L is
explicitly violated by the interactions involving the cou-
plings y5 and @. Consequently, we expect that the active
neutrino masses, generated through the (inverse) seesaw
mechanism, do directly depend on these parameters. The
model, in this minimal form, predicts two massive and one
massless active neutrinos.

The seesaw mass scale M is a free parameter of the
theory and can assume arbitrarily large values above the
EWSB scale. However, in the following we will be mostly
interested in the case where M is taken at the TeV scale.
At energies much smaller than M, N, is integrated out and
we get at second order in 1/M the (B — L)-conserving
effective Lagrangian®:

yly2 )’1)’2 ({,"Hz)(HW )+ y1y1

M NAIYE

S (CH3)(HC)H; + Hee,

—Leg D — (ch*)

)’2)’2

r

X (Y €)H +
(2.2)

where the sum over the flavor indices i and j is understood.
When the neutral components of the scalar fields H;
(k=1, 2, 3) take a nonzero vev, the operators in (2.2)
generate a Majorana mass term for the flavor neutrino
fields »,;;. Indeed, taking (H;) = (0, v;/~2)" (i =1, 2)
and (H;) = v3/ V2 in (2.2), we obtain the neutrino mass
Lagrangian

L, (2.3)

v

) vgm,vy, + Hc,

- =y T
where vy, = (v, vy, V7). YR = CP” and

o R .o A *U1U3 A 'U2U3
(m,);;= —(y’lyé + Y4y —yivia UZ—M—y’zyéale)
L)
oM

(2.4)

The masses of the two active neutrinos are given by

1C is the usual charge conjugation matrix of Dirac splnors

We do not include flavor kinetic mixing terms in the
Lagrangian (2.2), which arise by dimension-6 effective fermion
operators.
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1 v3 v o, . v,
me = | U3 WY%C“ + v3 W)’%“ - 2U1MY12 + (U3
where we define yj, = y{y§ + yi'y5 +yyi, oy =
VOO +OFP + 6D k=1, 2) and np=

VOOE = ¥y + (5T — ¥ + O — 52 As
usual in two-Higgs doublet models, the vevs of the two
scalar doublets, v, and v,, are related to the EWSB scale:

\v} + v3 = v =246 GeV. As explained in Sec. IV, the

hierarchy among the Higgs vevs is tightly constrained in
our model, in particular, from the presence of a massless
Goldstone boson associated with the spontaneous breaking
of the global U(1),_;: phenomenological constraints en-
force v, < vy 3, and by convention we impose v; = v.
As we will see in Sec. IV, this hierarchical pattern is
easily realized in the model. Typically, for |a| = 0.01
and M~ 1TeV and a scalar spectrum with v, =
10 MeV, v; = 100 GeV, the neutrino Yukawa couplings
are |y ol = 1074

The Yukawa interaction aH;N,N¢ generates after
EWSB a small Majorana mass term for the two chiral
components of the Dirac field Np, which is then split
into two quasi degenerate Majorana fermions: they behave
as a pseudo-Dirac pair [29-31], with a mass difference of
the order 2v;|al. Such scenarios have been studied in
detail in [32], where it was shown that a high-level of
degeneracy prevents the Majorana nature of these states
to be observed at colliders, LHC included. Indirect signals
of TeV scale pseudo-Dirac neutrinos coupled to charged
leptons can in principle be observed both in lepton-flavor
violating processes, e.g. charged lepton radiative decays
¢;— {;y and u — e conversion in nuclei, and in experi-
ments searching for lepton number violation, such as
neutrinoless double beta decay processes. For these pro-
cesses, the contribution of the heavy neutrinos to the
decay rate may be relevant/dominant in the case of M =
(100-1000) GeV, |alvy/M =~ 1073 — 1072 and for siz-
able neutrino Yukawa couplings, |y, ,| = 1072 [33].

Finally, we remark that the coupling « is not strictly
required in order to obtain two massive neutrinos, whereas
the introduction of y, is mandatory. Actually, one can show
that y; and y, are also sufficient to fully reconstruct the
low-energy neutrino data, up to a normalization factor [34].
From Eq. (2.5) we get the following relation:

[mulvws 3 = AAmBAmS. @26)

This equation clearly shows that for y, =0 or for
(¥5,¥5,y5) aligned with (y{, y7, 7). [712/=0 and only
one neutrino is massive, in contradiction with neutrino os-
cillation data. Barring accidental cancellations, Eq. (2.6)
implies

v v, v, \2 v3
—=yia + v; ﬁ]z)’%a - 2U1M)’12) + 4U%ﬁ2277%2 , (2.5)
|
M 10 MeV
~2X%x 1078 ( ) 2.7
[yi11yal (1 TeV) " (2.7)

III. TWO-STEP LEPTOGENESIS

Before discussing how the baryon asymmetry is gener-
ated in our scenario, let us briefly recall the standard
picture of leptogenesis, based on the type I seesaw exten-
sion of the standard model. For a detailed discussion, see
[35] and references therein. In the standard scenario, at
least two massive right-handed (RH) neutrinos, which are
SUQ2)w X U(1)y singlets, are introduced and couple to
lepton doublets through Yukawa interactions. These sin-
glets are Majorana fermions whose mass My, is not related
to the electroweak scale and can assume arbitrarily large
values. The RH neutrinos evolve together with the SM
particles in a hot but expanding Universe; when the tem-
perature drops down below Mp, they start to decouple and
decay out-of-equilibrium in both leptons and antileptons.
If CP is violated in these processes, a nonzero asymmetry
is produced, which is subsequently converted into a net
baryon number by fast sphaleron interactions. The latter
are nonperturbative effects, in thermal equilibrium above
the EWSB scale up to temperatures 7 < 10'°-10'3 GeV
[36]. Several interactions should be considered for an
accurate determination of the efficiency of leptogenesis
in producing a baryon asymmetry. Spectator processes
play an important role in modifying the production/deple-
tion mechanisms, most notably by spreading the lepton
asymmetry into different species.

In the present case, given the particle content and
the charge assignment listed in Table I, the interaction
Lagrangian receives, besides the operators of the seesaw
sector in Eq. (2.1), contributions from the extra Majorana
field N5 and the scalar S:

1 _
_-Eint D) M%S*S + §M3N3N§

11
+ (gSNDN3 - “—ZSZH;; + Hc) 3.1)

7
where M5, u'" and g can be set real by a redefinition of the
phases of N3, S and H;. We impose N3 to be heavier than
Np and S.

In this model, the generation of a baryon asymmetry
proceeds in two different phases. In a first phase, which is
similar to the standard leptogenesis scenario, an asymme-
try in Dirac neutrinos Np and in S is generated by the out-
of-equilibrium decays of the Majorana field N;. As we
describe below, the CP asymmetry in N5 decays is only
possible after the introduction of S, carrying the same
B — L quantum number as N),.
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Besides decays and inverse decays, several scatterings
affect Np and S asymmetries. All these interactions con-
serve the total B — L charge. In a second phase, owing to
the neutrino Yukawa couplings, the produced N and §
asymmetries are transferred and reprocessed into a lepton
asymmetry. In this second phase, the sphaleron processes
partly convert the so produced lepton asymmetry into a
final baryon number, as in the standard picture.

This model can thus be viewed as the SM augmented
with a second Higgs doublet, combined with a hidden
sector composed of the fields N3, S and H;. The two
sectors share a conserved B — L charge through the
Dirac neutrino Np. In that extent, the role of the neutrino
Yukawa couplings is central both in the generation of light
neutrino masses and in the production of a BAU, in agree-
ment with observations.

A. The CP asymmetry €cp

In the standard leptogenesis scenario a CP asymmetry is
generated by the interference between the tree-level and
the one-loop corrections to the decay amplitude of the
heavy Majorana neutrinos [24,37], owing to the presence
of at least two heavy states. In our case, with only one
heavy neutrino Np, no CP violation is produced in N
decays. On the other hand, a nonzero CP asymmetry can
be generated by the addition of N5 and S, from the inter-
ference between the tree-level and one-loop correction to
N5 decay amplitude, whose Feynman diagrams are de-
picted in Fig. 1.

The detailed computation of the CP asymmetry in N;
decays is provided in Appendix B. We report below the
resulting expression in the limit M3 > M, ug:

Im(a) p”
€cp = — —.
P 16 M,

(3.2)

Despite of the fact that N3 decays depend on the coupling
constant g, the latter being a real parameter does not enter
in the expression of €cp, cf. Eq. (B13). The only source of
CP violation relevant for leptogenesis is the phase of the
complex parameter « in the Lagrangian (3.1). It is remark-
able that, in contrast to the standard leptogenesis scenario,
there is no direct dependence of ecp on the neutrino
Yukawa couplings y;,. Still, a connection between the

Np Np

|
N, I
A s
N N N |
D S \\ ! _
<3 s Y S
A N ~ ~
FIG. 1. Diagrams contributing to the CP asymmetry in the

decays of Nj.
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Np Np Np N D Np Np
N.
N s
P T U DS SN
]\“YD S/ ND S -
— >
Hj /i
> = Ny
ND A S ]VD S
N o

FIG. 2. Feynman diagrams of the AN, = AS = 2 scatterings.

leptogenesis CP-violating phase and the light neutrino
masses exists and is actually provided by the imaginary
part of a. We remark that the parameter w” in (3.2) enters
in the mass splitting between the real and imaginary parts
of S (cf. Eq. (5.1)) and therefore determines which is the
DM candidate of the model, as shown in Sec. V. Provided
©'" is not too much suppressed compared to M5 and the
phase of « is different from zero, ecp takes sizable values.
We typically have:

€cp = —2 X 106(“—H)<10 TeV)Im(a). 3.3)

1 GeV M3

B. Asymmetry productions

We discuss now the salient aspects of leptogenesis in our
scenario. We eventually distinguish between two stages of
production, but we shall emphasize that these stages are
not necessarily consecutive and may occur in the same
temperature range.

1. First stage: Processes at O(a?), O(g?),
O(g*a?) and O(g*)

We list below the processes relevant in the first step,
where the asymmetries in § and N, are created.’ Further
details are given in Appendix C:

(i) Decays and inverse decays of N5: N3 — NpS, NpS

(see Fig. ).
(i) AN, = AS =2 scatterings: NpS < NpS and
NpNp < SS (see Fig. 2).
(iii) AN, = AS =1 scatterings: NpN; < H;S,
NpH; < N3S and NS < N;H; (see Fig. 3).
(iv) S self-annihilation: SS « H,H, (see Fig. 4).

Notice that the last process depends on interaction
terms reported in the scalar potential of the model
(see Eq. (4.3)). However, it turns out to be numerically
irrelevant, so we disregard the effect of this term in the
following.

We display in Fig. 5 the interaction rates y°d of some
of the up-listed processes as function of the parameter
7= M3/T, where T is the temperature of the plasma.

*We denote by AX the absolute variation of the X particle
number density.
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N Hl/ N H,y
N s \ /
AN v X 1
N s \ Hy
X r->-<
2 / N
S 4 \HQ S4 \HQ
s N / \
v N / \

FIG. 4. Feynman diagram of the S self-annihilation.

These rates are normalized by H (z)nf’\?3 (z), except for the
ANp = 2 rates which are normalized by H (z)ni?u (z), as

they only act as damping terms.* For illustration we fix
M; = 50 TeV, M = 10 TeV and we choose representative
values of g and || for the different panels.’

We represent in each plot by straight (dashed) lines
the computed rates assuming u'’ = 1(100) GeV. For
u'" =1 GeV, the cross sections of the AN, = 2 scatter-
ings (a) are dominated by their s-and u-channels and scale
as O(g*). The AN, = 2 scatterings (b) on the other hand
are governed by their s-channel and are proportional to
|a|? . The AN, = 1 processes (a), (b) and (c) of Fig. 3
are dominated by their respective #-, s-and u-channels and
therefore scale as O(g?|a|?). For larger values of u’,
e.g. u' =100 GeV, the AN, = 1 processes (b) and (c)
get sizable contributions from their z-channels (¢ g?u'?)
which dominate over the other channels for small values of
a, as can be seen in the right panel of Fig. 5. The different
interaction rates where evaluated using the packages
FeynArts [38] and FormCalc [39]. To this end, we imple-
mented our model, £, Eq. (A1), via FeynRules [40].

The various interactions considered above control the
amount of Np and S asymmetries produced during the
first stage of leptogenesis. As the lepton asymmetry—and
finally the baryon asymmetry—mostly depends on the
amount of Np asymmetry produced in the first step, it is
useful to introduce an efficiency factor n; defined through:

“In Fig. 5 only the off-shell part of the AN;, = 2 diagrams a) is
shown, as its on-shell part equals 7y, /4, yp being the total decay
rate of Nj.

SFor definiteness, in the following numerical evaluations we
set the phase of a to its maximum value @ = —il|a|.
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Np ,
¥ S
, N |
LS N Hy S e H3
’ N > =

7b) 7’ AN - - -

Yan,(ze) = €com Yy (T > M) (3.4)
In this parametrization, Yy indicates the comoving number
density of X, while z, ~ M3/M approximately marks the
transition between the first and second stage: for z = z,,
i.e. T = M, N decouples from the plasma and decays into
leptons and antileptons.

Given the numerous interactions considered above,
the derivation of an analytic expression for the efficiency
factor 7, is quite challenging. Nevertheless, we perform
a numerical evaluation of 7; by solving the set of
Boltzmann equations reported in Appendix C. The result-
ing efficiency is shown in Fig. 6, where isocontours of 7,
in the g — |a| plane are displayed, for M5 = 50 TeV,
M =10TeV and w” =1 GeV (100 GeV) in the left
(right) panel.

We first consider the case of small w”, left panel of
Fig. 6. In this case, the AN}, = 2 scatterings are typically
smaller than the decays and inverse decays, as shown in
Fig. 5. Depending on the value of «, the AN, = 1 scatter-
ing rates yf‘\,q (k = a, b, c), may be in equilibrium when the
Np asymmetry is produced. This occurs if

YA,
”?\?DH (M)

8

= 1= ol x (3=
o (10*6

) = 1. (3.5)

As can be seen in the left panel of Fig. 6, the efficiency 7,
strongly depends on whether the AN, scatterings are in-
equilibrium at 7 ~ M5 or not. In the case their rates are
not fast enough, i.e. if the condition (3.5) is not satisfied,
the production of N and § asymmetries is mostly driven
by decays and inverse decays of Nj3. This situation is
very similar to the standard leptogenesis scenario, when
AL =1 scatterings are neglected. Therefore, we expect
that larger values of the coupling g increase the washout
effects. The strength of N3 decays and inverse decays can
be expressed in terms of the washout parameter K

Ty, _ 2( g )2(50 TeV)
HM;) “\10°%)\ M; /)
For g = 107% and M; ~ O(10) TeV, decays and inverse

decays act in a strong washout regime, where the efficiency
is approximately given by [41]:

Kp (3.6)
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FIG. 5 (color online).
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g =107 |of = 107

107_
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£
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107
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z

Processes relevant in the first stage of leptogenesis: thermal density rates as function of z = M5 /T, for M5 =

50 TeV, M = 10 TeV and u” = 1(100) GeV, plain (dashed) curves. In black is reported the total decay rate of N5. The purple curves
stand for the sum of the (nonresonant part of the) diagram (a) and diagram (b) in Fig. 2. The blue, orange and red curves correspond,

respectively, to the processes (a), (b) and (c) shown in Fig. 3.

0.4

m Kplog(Kp)

3.7)

For smaller values of g, decays and inverse decays act in a
weak washout regime, and the efficiency scales as K,z) [41],
in the case where the abundance of N5 is vanishing at high
temperatures.

In the opposite regime, when the ANy = 1 scatterings
are fast enough and the condition Eq. (3.5) is satisfied, an
initial (anti-)asymmetry is produced at earlier times,
due to the CP violation in scatterings, which is discussed
in Appendix C. From Fig. 6, we can distinguish two
relevant cases, according to the values of « and g. For
la| = 107%/g, the AN, = 1 scatterings essentially act as

source terms, producing Np and S asymmetries, thereby
increasing the efficiency 7. This effect is manifest in the
diagonal of the left plot of Fig. 6. Conversely, for larger
values of «, the AN, = 1 scatterings act as damping terms
and increase the washout of the asymmetries. The resulting
efficiency is therefore highly reduced.

The case of a larger u” is depicted in the right panel
of Fig. 6, where we fix u’ = 100 GeV, while M5 and M
assume the same values as before. As already stated, in this
case the AN, = 1 scatterings (b) and (c) pick up sizable
contributions from their corresponding z-channels, and are
enhanced for relatively small values of «, compared to the
p'" =1 GeV case, as can be seen in the right panel of
Fig. 5. For |a| < 0.1, the efficiency depends essentially on

10-1 L

la] 10-2¢

4 laf 102}

10-1 L

103

10745,

10°¢ 10-° 10 10

FIG. 6 (color online).

10

Efficiency 5, of production of N, asymmetry in the first stage of leptogenesis, cf. Equation (3.4), as a function

of g and |a| for M5 = 50 TeV, M = 10 TeV and u'" = 1(100) GeV in the left (right) panel.
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g, since the scatterings are negligible with respect to the
decays and inverse decays, and then m; behaves as in
Eq. (3.7). However, for small values of g, g < fewl07>,
ANp =1 scatterings become competitive with decays
and inverse decays, both in the generation and in the
washout of N and S asymmetries. For values of a of
order one and small g, the scatterings mainly act as source
terms in analogy with the u” = 1 GeV regime, thus in-
creasing 7.

We see that in this first stage, the efficiency of N, and
S asymmetry production can be close to its maximum
possible value in a large region of the parameter-space.
However, this does not guarantee a successful leptogenesis,
as this asymmetry should be transferred efficiently to
leptons.

2. Second stage: Processes at O(y7,), O(g*y7,)

We now concentrate on the second step of leptogenesis:
the transfer of N asymmetry to the lepton doublets. Once
a lepton asymmetry is generated, the sphaleron processes
which are active at the leptogenesis epoch convert part of it
into a nonzero baryon number density. The second stage
ends at the freeze-out of the sphalerons, that may occur
before or right after EWSB [42].

We report below the main A€ = 1 processes which
participate in the lepton charge transfer mechanism:

(1) Decays of Np, which are either L-conserving,

Np — €H,, or L-violating, N, — €H,.

(ii) Scatterings on top quarks: the s-channel Np€ < 7gs;
and the t-channels Npq;(7) < €1(g3). These pro-
cesses are mediated by the exchange of the Higgs
doublet H, and correspond to the AL = 1 scatter-
ings in standard leptogenesis. Notice, however, that
in our case lepton number is conserved.

(iii) Scatterings on N3: N3S <> €H, and N3S < €H,
which are mediated by Np. A CP asymmetry
emerges from these processes, as shown in
Appendix C.

We do not include the scatterings involving gauge bosons
in our evaluation of the baryon asymmetry. However, we
do not expect these processes to have a quantitative impact.
Indeed, they cannot act as a source term for the lepton
asymmetry since no CP violation is possible in this case,
in contrast to the standard leptogenesis scenario [43]. In
addition, they tend to equilibrate the lepton and N, number
densities, like the scatterings on top quarks considered
above. Actually, it is shown in Refs. [44,45] that these
processes have comparable rates.

The lepton doublet can also participate in AL = 2
Np-mediated scatterings, similarly to the standard lepto-
genesis case: {H, < {H, and €€ < H,H,. In this case the
scattering rate is proportional to both the neutrino Yukawa
couplings, y; and y,. In a democratic scenario, that is for
|y = |y,|, provided the constraints from active neutrino
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masses, Egs. (2.5) and (2.6) are satisfied, such AL = 2
scatterings are usually in equilibrium at the leptogenesis
time. They are however greatly suppressed compared to the
A€ = 1 scatterings and turn out to be numerically irrele-
vant, as illustrated below.

In this second stage, all interactions depend on the
neutrino Yukawa couplings y; and y,. In the limit where
these couplings are zero, no lepton (doublet) asymmetry
can be generated as basically both N and S decouple from
the SM sector. This clearly implies a lower bound on the
values of y; and y,.

Let us discuss this bound, independently of the con-
straints from low-energy neutrino masses, as it sheds light
on how this second stage works. To this end, we represent
in Fig. 7 the processes relevant in the second step for
the same set of parameters used in Fig. 5: M3 = 50 TeV,
M =10 TeV and g = 1073, and for |y,| = |y,| = 107%.
We represent in Fig. 7 by plain (dashed) curves the rates
normalized by ny'H(M), where X = Nj({), acting as
source (damping) terms. The blue curves correspond to
N, decays, both L-conserving and violating as |y;| = |y,|.
The orange (purple) curves are related to scatterings on top
(N3), while the green line stands for the AL = 2 processes.
Scatterings on N3 and AL = 2 interactions are clearly
subdominant and can be neglected.

A lower bound on y; can be derived by demanding that
the scattering rates on top quarks, denoted by 75\/,;’ are in
equilibrium at 7 ~ M, when acting as a source term for the
lepton asymmetry:

’)/;VD - -5 M
= | = |y, = 1075 X .
Ny H(M) ol 10 TeV

(3.8)

g=107, |yl = yal = 107*

1072 107! 1 10! 102

FIG. 7 (color online). Processes relevant in the second stage of
leptogenesis: thermal density rates y°4 as function of z = M3 /T,
for M3z =50 TeV, M = 10 TeV. The blue curves stand for
decays of Np. The orange curves stand for the (sum of s-and
t-channel) A€ = 1 scatterings on top quarks, while the purple
ones represent A€ = 1 scatterings on N3. The green line corre-
sponds to the total AL = 2 scattering rate.
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Therefore, provided y, is large enough, the L-conserving
scatterings are in equilibrium and can transfer the Np
asymmetry to the lepton doublets. A similar lower bound
arises for y, from the corresponding AL = 1 scatterings
with gauge bosons.

The main source of lepton asymmetry production may
originate just from the decays of Nj. Let us suppose,
indeed, that the lower bound on y;, Eq. (3.8), is not
satisfied. Still, as we see from Fig. 7, decays dominate
over the scatterings at 7 ~ M. For these decays to be
effective in redistributing the N asymmetry to leptons,
the Dirac neutrino should be heavy enough, say M =
10 X T, and the following condition should be satisfied:

Ly, = HM) = |y, =6 X 1077 (3.9)

10 TeV’

In summary, for neutrino Yukawa couplings smaller
than the bound above, the lepton number asymmetry pro-
duction is not efficient. If only condition (3.9) is satisfied,
almost all Np decays to leptons, and we expect that at the
end of the second stage, the lepton asymmetry equals the
amount of N, asymmetry produced in the first stage. For
larger Yukawa couplings satisfying Eq. (3.8), Ya¢(z,) =
Yan,(z,) at the end of the first stage, so at the end of the
second stage, Y ¢(zspn) = 2Yan, (24r)-

The case of a light Dirac neutrino.—

An interesting case is realized when the Dirac neutrinos
are so light that they do not have enough time to decay
before the freeze-out of the sphalerons. Demanding that
the scatterings with quarks are in-equilibrium, at least
slightly before the sphalerons decouple, the condition
(3.8) is changed to |y,;| = 107°. Therefore y, should
be at least larger than the electron Yukawa coupling.
We illustrate this remarkable case in Fig. 8, where we fix

Asymmetries (arbitrary units)

FIG. 8 (color online).

Influence of scatterings on the transfer of
Np asymmetry to a lepton doublet asymmetry. See the text for
details.
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M = 200 GeV and we consider two sets of values for |y, |
and |y,|: () |yl =1ly,] =5%107* (red curves) and
(i) |y;| = ly2l =5 %1077 (black curves). Notice that
the latter case may hardly be compatible with constraints
from neutrino masses, Eqgs. (2.5), (2.6), and (2.7). The
dashed and plain curves correspond to the lepton doublet
and N, asymmetries, respectively, and all the asymmetries
have been normalized to Yy, (z,), where z, ~ M3/M is
indicated by a blue band. We impose a sphaleron freeze-
out at around T, ~ 130 GeV, which is represented by the
gray band. We see from Fig. 8 that while Ny, asymmetry is
almost unaffected by the Yukawa hierarchy, in case (ii)
leptons do not equilibrate with N, as scatterings are out-of-
equilibrium, while in case (i) Ya¢ = Yy, at temperatures
well above M.

Provided that the neutrino Yukawa couplings are suffi-
ciently large, an asymmetry in Np will be always trans-
mitted to the lepton sector, regardless of the Dirac neutrino
mass: we can therefore asset that no lower bound can be
derived on M from leptogenesis.

In conclusion, once light neutrino mass constraints
are applied, a lepton asymmetry is efficiently produced.
A successful leptogenesis then only relies upon the amount
of Np asymmetry produced in the first stage.

C. Successful leptogenesis

In the former subsections, we analyzed the conditions
under which a N, asymmetry is efficiently produced dur-
ing the first step of leptogenesis, and subsequently trans-
mitted to the lepton doublets. Through the sphaleron
processes, this lepton asymmetry is partly converted into
a baryon number density. The sphalerons violate both
lepton and baryon numbers, but conserve B — L: it is
therefore more convenient to evaluate the B — L asymme-
try. Given the different processes in thermal equilibrium
during leptogenesis era, the final baryon asymmetry reads:

2

Yap = 7 A(B—L)(Zsph)- (3.10)

The derivation of Eq. (3.10) is given in Appendix D. We
illustrate in Fig. 9 the evolution of Np, S and baryon
asymmetries against z for typical values of the parameters:
M; =50 TeV,M = 10 TeV, ug = 100 GeV and u" = 1
or 100 GeV, left or right panel, respectively, for fixed
values || = 0.1 and g = 107>. For such values of |a|
and g, we see from Fig. 6 that the efficiencies 7, are quite
similar, that is 1, ~ 0.1. However, for u” = 100 GeV the
CP asymmetry is €cp =~ 4 X 107°, 2 orders of magnitude
larger than for u” = 1 GeV, cf. Equation (3.2), and so the
baryon asymmetry in the former case will be bigger.
Indeed, for u” =1 GeV, Yy = 1.6 X 107! while for
u” =100 GeV, Ypp = 107°. These values should be
compared with the measurement of WMAP [16]:
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FIG. 9 (color online).

1072 107! 1 10! 10?
z

Evolution of number density asymmetries in function of z. M5 = 50 TeV, M = 10 TeV, |a| = 0.1 and

g = 1077 are fixed. The black dashed (plain) curves represent ecp X YI(\Z"). In dotted-blue, dot-dashed orange and plain red are shown

Yan,> Yas and Y, p respectively.

107!

led 102

1035

FIG. 10 (color online). Successful leptogenesis. Region of the
parameter-space in the |a| — g plane providing a final baryon
asymmetry (not) compatible observations, (yellow) black
points. We fix My =50 TeV, M = 10 TeV, ug = 100 GeV
and u” = 100 GeV.

Y = (877 £0.21) X 107 'L (3.11)

In Fig. 10, we made a scan over the two parameters « and
g: the black points represent values of Y, 5 compatible with
observations.® As we see, a successful leptogenesis is
easily realized in our scenario, provided the CP asymmetry
is big enough, that is €cp = 3 X 1077, and the washout
processes do not suppress the N;, asymmetry in the first
stage, i. e. 7; = few1073.

IV. THE SCALAR SECTOR

Given the charge assignment of the scalar fields in
Table I, the most general scalar potential V¢ invariant

6Actually, for the sake of illustration, we enlar§e the required
range, demanding 3 X 107! < Y, <3 X 10710,

under SU2)y X U(1)y X [U(1),_;] can be written in the
following form
Vsc=Vsg + Vpu 4.1)

where Vg and Vpy; denote the symmetry breaking and
dark matter scalar potentials, respectively:

Vg = —wiHH, + \(HH)? — pHIH,
+ M(HYH,)? — p3H3H; + A(H3H;)?
+ kHHHIH, + «|,H  HHIH,
+ k3H H\H:H; + ko3 HI HyH Hy

/
I ]
— C_(HH,H; + HYH | H),

NG

Vim = uiS*S + A(8*S)* + F HIH,S*S
+ FoHIH,S*S + F3HiH;S*S + hS*H! H,

1"

+ h*S?HIH, - %(SZH; + S22H3).
Through rotations of the scalar fields, all parameters but A
can be made real, while the dimensional parameters are
assumed positive. The parameter £ is in general complex,
but we will assume in the following that 4 is real.

The two scalar doublets H;, and the complex scalar
singlet H; are responsible for the breaking of SU(2)y X
U(l)y X[U(1)g_;] down to U(1)ey, X [Z,]. Given the
charges of H, and Hj, the discrete Z, emerges as a
remnant symmetry of the global U(1),_; after EWSB.
Among the ten real scalar degrees of freedom, three of
them are eaten through the Higgs mechanism, leaving a
spectrum of seven physical scalars: two charged particles,
H*, two CP odd neutral scalars, A’ and the massless
Majoron 7 [46], and three CP even neutral scalars, h°,
H® and h,. We derive in the following subsections
some constraints on the scalar sector parameter-space.

4.2)

(4.3)
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JOSSE-MICHAUX AND MOLINARO

An exhaustive phenomenological study, although of great
interest, is beyond the scope of this work.

The minimization of the scalar potential with respect
to H;, H, and H; vevs enforces three tree-level relations,
that we use to define the quadratic terms w;. Indeed, by
parametrizing the Brout-Englert-Higgs fields and S as

+ hy + iag\T
H, = (H;,M) L k=12 @4
V2
H3:v3+h3+ia3, :S0+iS1, (45)
V2 V2
with
v.
H)=—% and (S)=0, 4.6
(H;) 7 8 (4.6)
we get the extremum conditions
vV 1, ,. v u!
aTjBZ 0 uf :E(UJZ‘KU +uikg) 207N, — %
ij,k=1,23, 4.7)

where &), = ki, + K/, and R;; = k;; elsewhere. The ex-
tremum obtained in (4.7) is an absolute minimum provided
the Hessian of Vgp is positive definite. Boundedness from
below of the scalar potential requires the quartic couplings
A to be positive, as well as a nontrivial relation among the
couplings. Notice that, since both H| and H, are charged
under SU(2)y, X U(1)y, they both contribute to the masses
of the SM gauge bosons.

Among the numerous parameters of Vgc, it is worth
emphasizing the role of the trilinear coupling u’. In
[47,48], a two-Higgs doublet model was built invariant
under a U(1) global symmetry, explicitly broken by a
term « M2¢}L¢2. Such term, for 4 << v induces a type-II
seesaw among the scalar vevs of ¢ and ¢,: (¢;) < (¢)),
i # j. As noted in [48], such explicit breaking can be
circumvented by the introduction of an additional scalar,
say ¢, whose vev generates the required term: u? =
u'(¢3). Tt is exactly along those lines that we build our
scalar potential. Indeed, provided that ' in (4.2) is sup-
pressed, u/ << 1 GeV, the minimization of Vg admits
two possible hierarchical patterns for the vevs: v; K v,
and v, < v;3 ;. As we will show below, only the latter is
physically viable. One may wonder about the naturalness
of such a suppressed mass parameter u'. Let us stress that
very small values of w’ are actually technically natural.
Indeed, this term, as well as the couplings 4 and y,, are all
terms linear in H,. By setting them to zero, one actually
enlarges the symmetry group by an extra U(1) factor.
Therefore, small values of these parameters are natural,
in the 't Hooft sense [49].

PHYSICAL REVIEW D 84, 125021 (2011)
A. CP odd neutral scalars: A? and 7

Three CP odd neutral scalar fields arise from the sponta-
neous breaking of the electroweak symmetry: one pseudo-
scalar Z;, the longitudinal polarization of the gauge
boson Z, one massive pseudoscalar A and the massless
Goldstone mode, associated with the spontaneous breaking
of the global symmetry U(1),_;, the Majoron 7.’

The mass eigenstates are obtained by the basis trans-

formation
ap Zr
(az) =RPS( j), (4.8)
as A°
where Rpg is a 3 X 3 orthogonal matrix
cos(B) sin?(B)A — sin(B) tan(y)A
Rps = | sin(B) —sin(B)cos(B)A  cos(B)tan(y)A
0 tan(y)A sin(B)A
4.9)

with A = cos(y)/4/1 — cos(y)? cos(B)? and the mixing
angles B and 7y are by definition

an(B) = 22, tan(y) = 2.
vy vy

(4.10)

The angles B and vy control the coupling of J to SM
fermions. Indeed, the interaction term relevant for the
Majoron phenomenology is

— LDigyfysfT, .11

with

s = % sin(8) tan(B)A (4.12)
and my is the fermion mass. Strong constraints apply on
these couplings, stemming from star cooling processes
[52]. In particular, the experimental upper limit on the
cooling rate of white dwarfs implies |g .| =< 1072
Then, from (4.10) and (4.12) we obtain in the limit 8 <K 1

B =7 X 10 *y/tan(y), (4.13)

implying v, < 0.2 GeV4/v3/v. As already stated at the
beginning of this section, a hierarchical pattern of the type
v, K v3 < v can be easily fulfilled, as the scale of v, is
directly related to the dimensional parameter w':

/

vivz
2z 2. _ ’
ViRy T UKy — 205

Uy ==

(4.14)

"The Majoron 7 is exactly massless in our setup. Notice that
J, being the Goldstone boson of a spontaneously broken global
symmetry, may acquire a mass through gravitational effects, as
shown in [50,51]. However, we will not consider this possibility
in the following.
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which is suppressed compared to vy 3 as u’ can be natu-
rally set to a scale much smaller than the EWSB scale.
The second physical pseudoscalar, A°, has mass

2022 4 42 2.2
(v +v3) Fujuy vy

M2, =
A 2'U]'U2U3 2U2

tan(y)
2tan(B)’

= u'vcos(B) (4.15)

The actual value of M 4o depends on the ratio u’/v,. Since
the couplings of A° to the SM fermions are sin(3) sup-
pressed, M 40 and thus /v, are unconstrained.

B. Charged scalars: H*

As in any two-Higgs doublet model, the charged scalar
spectrum is composed of one physical field H* and the eaten
longitudinal degree of freedom W;-. They are related to the
interaction fields H; , through the orthogonal transformation:

+ e N
Hy\ _ Cf)S(B) sin(B) \ [ W; | o
Hy sin(8)  cos(B) Ht
The charged scalar mass is given by
2 / 5 5
) _UT tan()’)i_ ,)~ M, R
H (sin(ﬁ) o K2 “cos(B)? 2 Kl (417)

where in the last expression we used the approxi-
mation given in (4.15). Since M?F >0, one requires
Kiy = 2M3,/v*. An experimental lower bound on My is
obtained from H~ pair production at LEP [53] and
the subsequent decays H* — 7= v, and H* — cs. For
my= = my, H* decays only to SM fermions, so the bound
Mp= = 78.6 GeV applies.

C. CP even neutral scalars: h°, H® and h ,

We introduce the CP even mass eigenstates 4%, H® and
h 4, which are related to the interaction fields 4 , 5 through
the basis rotation:

hy H°
h2 = RNS hA (4 1 8)
hs ho

In the limit u/, v, < v3 < v, the CP even scalar mass
matrix can be further simplified and Ryg just consists in a
rotation of angle 6 between the eigenstates h° and H°.
Moreover, at leading order in 3, h, and the pseudoscalar
A" are degenerate in mass and both decouple from the other

H/h H/h
|mj/ |2 = v2|)\j(7|2,

H/h H/h
| MELP = AL P

Ag@h = COS(,B)K|3{

AR — COS(IB)K12{ sin(6)

PHYSICAL REVIEW D 84, 125021 (2011)

particles, so no constraints apply on M, . Within this
approximation and introducing as a shorthand

ms = U3\,2)\3 and my3 = 4/U1U3K3,

the masses of the neutral Higgs H° and /4° and the mixing
angle 0 are given by the relations

nm; = vy 2)\1,

1
M3, = +m3 = V(m3 —m2)2 +dm),

m3 —m? + \/(m% —m3)? +4mf,

2
2mi;

0= Arctan( ) 4.19)

and M0 = M. The mixing angle |6]| takes values from
zero to /2. The couplings of H® (h°) to SM particles
are given by the SM Higgs ones times cos(6) (sin(9)).
For maximal 6 ~ /2, h° couplings are unsuppressed
compared to the SM case, so LEP-II bounds apply and
Myo = Mo = 114.4 GeV [54]. In the opposite case, with
suppressed mixing angle || << 1, only H° get sizable
couplings to the SM, and the former bound on Mo still
applies. Conversely, for || < 1, LEP-1I bounds are rather
weak in constraining the mass of the lightest Higgs. Notice
that 4° contributes to the invisible Z decay; however, the
Z — h® — J coupling is B* suppressed: this contribution is
negligible and no relevant constraints apply on M e from
this decay. Nevertheless, for sin>(§) = 0.1, LEP-II bounds
imply M;» = 80 GeV. In the following, we assume the
conservative limit M0 = 114.4 GeV, which is valid for all
values of 6.

An almost invisible Higgs boson

As occurs in models with multiple scalars, the Higgs
bosons may decay invisibly. In our scenario, both H° and
h° can decay into two Majorons, thus precluding their
detection at present particle colliders, LHC included.

The total decay widths of H® and h° are given by

k(M p, M, M)

2M3, In

/=S

ij

X @(Mﬁl/h

| M2

In the equation given above the kinematical factor is
k(x, y,2) =72 — (y + 22)(x2 — (y — 2)?). We consider
below for simplicity only tree-level two-body decays into
identical final states. The decay probabilities of H° and h°
to neutral scalars are proportional to the norms of the
trilinear couplings, which at zeroth order in 3 read:

(s:lons((g)) — 2cos(B) tan(y))g{ s_inc(oﬁs)(a) , 4.21)
cos(6)  _ cos(B) tan(y)K23{ s_inc(gs)(g) , (4.22)
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|.’MH/h|2 |j\/lH/h|2 2|/\H/h|2

|.7VlH/h|2 _ 2|/\H/h|2

The decay probabilities of H® and h° into SM particles are
similar to the SM ones, see e.g. [55], modulo a dependence
on the mixing angles 6 and . At tree level, for the decay
probability into fermions, we have

2 2
m; m cos~(0

Nc(_f) H/h(1_4 zf ){ : 2( )’
v MH/h sin*(0)

where N, is the number of colors and m; is the fermion

mass. The tree-level H°/h® — W* W~ decay probabilities
depend on

| M2 =2 (4.25)

L = S 2 ), 426)
2 0
/\H/"(m)—cos(,e)—\/l—4@+12—{00( ), 4.27)
M3, m* |sin(6)

I'(H/h — inv)

M = cos(B)& 12{ sin(6)

MM = cos(B)F l{zi?ls((g))

_TH/h—JT)+T(H/h— hyhy) + T(H/h— SS)

PHYSICAL REVIEW D 84, 125021 (2011)

cos(0)  _ cos(B) tan(y)K23{ s_in(fgs)(e) , (4.23)
(f3 cos(B) tan(y) — ){ Smc(gs) ) (4.24)

where My, is the W-boson mass and gy is the weak gauge
coupling constant. A similar expression holds for H°/h°
decays into pairs of Z bosons.

From the expressions above, we can estimate the invis-
ible branching ratio of the Higgs bosons. First of all,
obviously, the smaller the quartic portal couplings, the
smaller the invisible Higgs decay widths. Second, the
decays into &, or A°, even if equal at leading order in 3,
do not have a similar impact on Higgs searches at colliders.
Indeed, the pseudoscalar A° eventually decays almost ex-
clusively into SM fermions: H°/h® — A°A° can thus be
considered as a visible channel. Conversely, /1, essentially
decays into Majorons.

In the low mass region, My, < 2My,, neglecting the
masses of the decay products, the Higgs invisible to visible
decay width ratios are

T(H/h— SM)
provided M),

I'(H/h— inv) _ L+

I'(H/h — bb) + T'(H/h — A°A°)

, (4.28)

=~ My < My/,/2. The decay width to b-quarks is Yukawa suppressed, so the ratio above is simplified to
I'H/h—TT)+T(H/h— SS)

T(H/h — SM)

Consequently, for low masses, both H and h° mostly
decay invisibly.

In the high mass regime, My, = 2My,, under the ap-
proximation that the Majoron channel constitutes the main
invisible decay and the visible channel is mostly due to
decays to gauge bosons, we have

I'(H/h—inv) _ I'H/h—TTJ)
T(H/h—SM) T(H/h—W* W )+T'(H/h—ZZ)
. 16 My, tan(6) 2
gév‘v ?1/;,<K13 +2/\3tan(y){1/tan(0) )
(4.30)

From the previous estimate we infer that, for a maximal
6 ~ /2, the heaviest Higgs boson, H°, decays prevalently
into two Majorons, thus forbidding its detection at current
collider searches. The opposite occurs for the lightest CP
even scalar h°. On the other hand, for higher values of M ;0
(M;p) and a sufficiently small (large) mixing angle 6, the
visible decay rate of H° (h”) becomes sizable. It dominates
for very heavy Higgs bosons.

T(H/h — AA°) (4.29)

In Fig. 11 we display the frequency at which the H° and
h° decays channels are the dominant ones, displayed in the
top and bottom panels, respectively. In order to produce this
plot, we use the Higgs decay branching fractions computed
by the program micrOMEGAs [56], that we also use to
study the dark matter sector, as discussed in Sec. V. As
expected, we see from Fig. 11 that above the W threshold,
the heavier the Higgs bosons the larger their visible decay
rates.® Conversely, in the low mass regime the Higgs bosons
are clearly unobservable as we explained above.

V. DARK MATTER

We discuss in this section the third building-block of our
model: the existence of a viable dark matter candidate.
Below the EWSB scale, the complex scalar § is split into

8Notice that we only consider the two-body decay widths
H°/h® — WTW~. However, in the SM the tree-body decays
through off-shell W actually dominate for My, = 135 GeV,
cf. [55], in which case the Higgs visible decay channels should
prevail here as well.
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FIG. 11 (color online).

two real components S, and S, the lightest one being the
DM. Real scalar singlets provide the simplest DM candi-
dates, for which a large literature exists [57]. In our model,
we shall stress two important aspects: first, the stability of
DM is not an ad hoc prescription, but results from the
remnant Z,, Sy or S being the lightest particle odd under
this discrete symmetry; second, we emphasize again that
introducing the scalar S not only provides a DM candidate,
but is also necessary in our leptogenesis scenario.
The masses of the two real components of § are

1
mﬁo(l) = u3 +§(f1 vi+ Fovi + Fsv3)

* (hv v, — u''vs). (5.1
The mass splitting in this case is controlled by the parame-
ters & and u'”. However, since v, < vs, the latter term

dominates and mg = mg, for positive ' 2

In the following we will however denote by S the DM
candidate. The heavier state will decay to DM plus Majoron.

Dominant H° (top) and h° (bottom) Higgs decay channels in function of their masses.

As seen from Vpy, Eq. (4.3), S has several portal
couplings to the Higgs fields, implying many annihilation
channels [58]. Like in most of the singlet scalar DM
scenarios, S easily gets a thermal relic abundance in agree-
ment with cosmological requirements.

A. Relic density

The DM annihilation cross-section can generically be
written as
)‘2
oU ~ eff ,
msl

5.2)

where the effective coupling A indicates that each anni-
hilation channel receives in general several contributions.
When S annihilates into scalars, the cross section is the
(coherent) sum of the contact term interaction, for which
Aegr © Fi, cf. Eq. (4.3), and of scalar-mediated interac-
tions, where A ; depends on the different trilinear scalar
couplings, such as /\?S/ " introduced in the previous section.

For light DM, that is mg = My, S mostly annihilates to
Majorons, as well as to pairs of i, or A, granted the latter
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FIG. 12 (color online).

are light enough. Notice that the annihilation cross-sections
into pairs of 4, and A° coincide at zeroth order in 8. For
heavier DM, new annihilation channels are open. In the case
mg > My, S can annihilate into pairs of W= through 4° and
HO s-channel (the 4, mediation is 82 suppressed)loz

g (Uz)‘gls/\gv@ms) 1’2)‘?&?)‘}v’v(2’"s))2 (5.3)

gv =
2 2 4 2 2 4 2
1677mS MHU ng Mho my

where /\va/ "(m) were introduced in Eq. (4.27). A similar
expression holds for the annihilation into pairs of Z bosons.
In the high mass range, S may also annihilate into pairs of
charged H™, or to pairs of CP even scalars h° and H°.

Increasing the DM mass, the quartic couplings F; which
control the DM mass, Eq. (5.1), and the effective couplings
/\?S/ h, Eq. (4.24), should increase as well, so that the
annihilation cross section remains large enough, in order
to obtain the observed DM relic abundance.

Numerical evaluation

In order to accurately determine the relic abundance of
S, we implemented our model in micrOMEGAs [56],
through the program FeynRules [40]. We then performed
a scan over the full scalar parameter-space, by assigning
random values to the different couplings. All A and «
quartic couplings were varied from 10™4 up to the pertur-
bative bound 4. The trilinear coupling & was chosen
between 107¢ and 1072, The scalar masses were randomly
varied from their experimental lower bounds, discussed in
the previous section, up to 500 GeV. In particular, as
regards the CP even scalar masses, recall that we impose
the conservative bound Mpo,0 = 115 GeV. We vary
the mixing angle 6 in the range: 0 = |#| = 7/2. For the

1OFor simplicity, the widths of the Higgs fields have been
neglected in Eq. (5.3), although they are taken into account in
the numerical evaluation.

<100GeV  <Mpyjmin <150 GeV

<=My, =300GeV =500GeV

Main dark matter annihilation channels for different dark matter mass ranges.

unconstrained scalars &, and A, their (almost degenerate)
mass was varied between 1 GeV and 100 GeV.

The trilinear mass term u” was scanned over in the
range (1-10%) GeV, while u’ typically took values be-
tween 10 eV and 10 MeV. Finally, ug was varied from
1 GeV to 500 GeV.

We demand the relic density of S to account for all the DM
abundance and to lie within the 3o range of WMAP [16]:

Qpu = 0.229 =+ 0.045.

We illustrate the relative contributions of the different anni-
hilation channels in Fig. 12. Binning the DM mass range into
intervals of interest, we present the frequency at which a
given channel is the dominant one. For example, before the
W channel is kinematically open, i.e. for mg = My,, we see
from Fig. 12 that S annihilates only into pairs of 7, A° and
h,. For heavier DM mass, new annihilation processes are
possible. In particular, annihilation into gauge bosons,
charged scalars or CP even scalars tend to be the dominant
processes. Notice that Fig. 12 only displays the frequency a
given annihilation channel dominates in a given mass interval
and not the relative contributions of the different channels.

B. Direct detection constraints

The dark matter can scatter on nucleons through scalar-
mediated #-channels: the spin-independent (SI) elastic
cross section receives contributions from both 4% and H°
exchange, according to:

poLihaae My

o, = — m —
o4 mE " M?{O Mio

So

In this expression, ug , is the S-nucleon reduced-mass and
m,, the nucleon mass. The factor f,, is the effective Higgs-
nucleon interaction and varies from 0.14 to 0.66 [59]. The
couplings Ago and Ay are given by
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: /\H/h{cos(g) (5.5)

A = s B 55 1sin(o)

Assuming the conservative bound Mo /,0 = 115 GeV, we
see from the previous expression that for 8 = 0(7/2) the
main contribution comes from H° (h°) exchange and o3 is
then mostly affected by F;. Notice that, contrary to [60],
where the mixing suppression § << 1 was balanced by a
very light scalar h° (M,0 < 1 GeV), in the present sce-
nario, taking M e above the LEP-II bound drastically for-
bids such an enhancement. In the limit of small mixing
angle 6, assuming f, ~ 1/3, the SI elastic cross section
can be roughly expressed as

1 m fF\2 m -2
Sl — 'n 2 1 ~6 X 10~ 2< N )
o = m3 f"(M#) 100 Gev

() G
120 GeV 0.1}’

which shows that S can easily saturate current direct-
detection bound for electroweak scale DM [18-21].
As we saw in the previous subsection, since the annihila-
tion cross section scales as (F/mg)?, the couplings F
should be sizable for large DM masses, otherwise S relic
density would overclose the Universe. This, in turn, im-
plies that for heavy DM the scattering cross section on
nucleons is almost independent of the DM mass,
cf. Equation (5.5).

The dependence of o' on my in the low and high DM
mass regimes is manifest in Fig. 13. In this plot we com-
pare the model predictions (blue dots) for o3 with
XENONI100 results [21] (red curve). We can see that while
only a small region of the parameter-space is already
excluded by current data, the next generation of direct-
detection experiments would probe a large part of it [61].

(5.6)

_41
107 =

oy [em?)

FIG. 13 (color online). Spin-independent cross-section against
mg: the blue points are the model predictions which provide the
required relic density. The red line represents XENONI100
results, extracted from [21].
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Notice, in particular, that in the low mass regime high cross
sections can be reached, due to nonsuppressed ' ; cou-
plings. A light DM with large 5 couplings is possible
through a partial cancellation in Eq. (5.1), which depends
on the value of the parameter .

VI. CONCLUSIONS

In this paper we study a seesaw extension of the standard
model based on a global U(1),_; symmetry group, where
L can be thought as a generalized lepton charge. This
global symmetry is spontaneously broken at the electro-
weak scale. Suitable scalar and fermion representations are
added to the SM particle content so that a tiny Majorana
mass for active neutrinos is naturally generated, in agree-
ment with neutrino oscillation experiments. More specifi-
cally, an extra Higgs doublet H, and a Higgs singlet H5 are
added to the SM, together with a heavy Dirac fermion Np.
The lepton doublets and Np interact through neutrino
Yukawa couplings which can violate the lepton number.
When N mass is set at the TeV scale, the model realizes a
UV-completion of the inverse-seesaw mechanism.

We show that, with the addition of two extra SM-singlets
in the model, a Majorana fermion N3 and a complex scalar S,
it is possible to explain quantitatively both the observed
baryon asymmetry of the Universe through an original lepto-
genesis mechanism and the dark matter relic abundance.

Leptogenesis in this model is implemented in two steps:
first an asymmetry in N and S is generated by the out-of-
equilibrium decays of N3. In a second step this asymmetry
is converted in a nonzero lepton charge due to fast neutrino
Yukawa interactions. The latter constitute a link between
leptogenesis and neutrino mass generation. We solve nu-
merically the Boltzmann equations relevant for this two-
step leptogenesis scenario and show that the observed
amount of baryon asymmetry is easily achieved. We con-
centrate the discussion on a TeV scale scenario, and show
that, provided neutrino mass constraints are fulfilled, no
lower-bound on the mass of Ny, is imposed by the require-
ment of a successful leptogenesis. However, this scenario
of leptogenesis is also viable at much larger scales. An
important feature of this mechanism is that the source and
damping terms do not depend on the same couplings,
therefore large CP asymmetries can be obtained even in
the regime of weak washouts.

In the second part of the paper, we analyze in detail the
mass spectrum of the model and provide constraints on the
parameter-space arising from low-energy physics. In par-
ticular, we show that the presence of a massless Majoron,
which corresponds to the Goldstone boson associated with
the spontaneous breaking of the global U(1),_; symmetry,
has an important impact on Higgs boson searches. Indeed,
light Higgs scalars H? and h°, My ,0 < 140 GeV, would
mainly decay into pairs of Majorons, thus making difficult
their observation at colliders, LHC included.
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Concerning the scalar field S, after the breaking of the
electroweak symmetry, the lightest component of § re-
mains stable, due to the presence of a remnant Z, symme-
try, and provides a viable candidate for dark matter. Its
mass is unconstrained and can take values as light as few
GeV up to few TeV. Numerous annihilation channels are
present, allowing the relic DM density to be consistent with
cosmological observations. We study the possible signa-
tures of DM in direct detection experiments, and show that
while the current constraints exclude already a part of the
parameter-space, a large region may be probed by the next
generation of detectors.

This model explains in a common framework three main
experimental issues: neutrino mass generation, the baryon
asymmetry of the Universe and the dark matter relic den-
sity. Many observables are predicted, but their measure-
ments probe uncorrelated sectors, making this minimal
extension difficult to falsify.
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APPENDIX A: INTERACTION LAGRANGIAN
OF THE MODEL

The full interaction Lagrangian of the model is
_ 1 _
Liny= L3 = Vs = Vpyu — MNpNp — 7 M3N3N5

o

V2

- (ygNDH{e,. VNS ELE + L HN NG

+ gSNpN; + Hc) (A1)

PHYSICAL REVIEW D 84, 125021 (2011)

where EiSnl\t/I is the Yukawa interaction Lagrangian of the
standard model and

Vg = —uiH{H, + A\|(HH))? — p3HIH,
+ M(HIH,)? — p3H3H; + A3(H3Hy)?
+ kHHHIH, + «|,H HHIH,
+ k3H H\H:Hy + ko3 HI HyH Hy

/
2 ‘
- L _(H!H,Hy + HYH | HY),

NG

(A2)

Vium = u2S*S + As(S*S)? + F HIH,S*S
+ FoHIH,S*S + F3HiH;S*S + hS*H H,

1l
+ n*S?HIH, - “—2(521{; + S2H,).

NG

(A3)

APPENDIX B: COMPUTATION
OF THE CP ASYMMETRY

The relevant interaction Lagrangian which is involved in
the generation of the CP asymmetry in the out-of-
equilibrium decays of the Majorana neutrino N; is the
following:

11
HyNpN + gSNpN; — 2 S2H% + Hee,

V2

a

V2

- -Eint D

where N§, = CNT, N; = N§ = CN?. The CP asymmetry
in the decays of Nj is defined as

I(Ny— Np+S8) —T'(N; — Np + 9)

€cp

" T(N;— Np +8) + T(N; — N, + 3)
~ Im{[dlly s MOWN; — NpS)* Ty [ dlly MON; — {n) MO ({n} — NpS)}

fdﬁN,SUVl(O)(N3 - NDS)|2

, (BI)

where ¥y, indicates the sum over all possible on-shell states in the loop of Fig. 1, while the phase-space factor in the

integral is, in general

- &p,
ait, =L
bt (2m) 2E,

3
d’p,
(2m)32E

k
emo(py -3 p) k=2, (B2)
=1
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, k) being the 4-momenta of the decaying Majorana neutrino N3 and the final state n;, respectively.
"Ny — Np+ Sand Np + S— N, + S. The correspondmg tree-level

py; and p, (j =
We consider the phys1ca1 intermediate processes’

amplitudes read'?:

iMON; — Np + 8) = igvl (Px)C uy, (py,),

iMON; — Np + §) = —igiy(py)uy, (Pn,)»
. - i e .
iMONy +8— Np + ) = — i % @ vL(py)C un (). (B3)

We perform the product of the three amplitudes in (B3) according to Eq. (B1) and sum over the polarizations of the
outgoing fermions. After some algebra, we get

”MZM . + pl)-
P M2 32[1 Ly sz)+((pN Py) PN3)j|.
Ph, — m; M MM,

1. Integration over the phase space

The relevant integrals in the numerator of (B1) are

;o & ply a3 p S,
" (277)32E’ Qm)*2ES pf, —m3
X (2m)*8W(py, — py — EY), (B4)

where S, € {(py * P)). (Pl - Pw,) (P * Pw,), M?}.

It is convenient to express /, in terms of adimensional
quantities, mainly: a = Ey/M5, b = |pyl/M;, x=
M/M}, Xg = ms/M3 and X3 = m3/M3:

1 2x2 — ¥
I, = 32—[ 2k(1, x, xg) + T3C(x, Xg, X3, d, b)],

(B5)

{B(x xg), 2a, 2x2}C(x, xs, x3, a, b), (B6)

b= BT
where « is a kinematic factor introduced below Eq. (4.20),
B(s, t) = v/k(1, s, 1)> + 4s* and
252 — u?> — aB(s, t) + br(1, 1, 5)
g<2s2 —u> —aB(s, t) — bk(1, 1, s))'
(B7)

C(s,t,u,a,b)=1lo

Now we complete the integration over the phase space in
the numerator of Eq. (B1). The relevant integrals can be
arranged in the form:

""Notice that the other possible cuts in Fig. 1 do not contribute
to the CP asymmetry as they do not correspond to physical
processes.

In the following we indicate with m5 the thermal mass of the
scalar singlet H3, which provides an infrared regulator of the N;
decay one-loop diagram.

1 0 /42 — 42
J,,=—f daulné‘(l—a— a’* — x* + x3).
4 l—a
(B8)
The full computation results in
_ 1 2
J, = 82 —k(1,x, x5)* + (2x* — x3)
2
X1 —3)] B9
Og<x3 + (1, x, xg)? (B9)
L= L Bl ( X ) (B10)
= x, xg) logl ——=—},
27 B T g T OB (1 xg)?
2 X3
Jy = 1 . B11
4 647T2x og(x% + k(1 x, xS)z) (B1D)

A similar computation applies for the denominator of
Eq. (B1). We have in this case:

jdﬁN,sL’M(O)(Ne; — NS)|?

2

M
23 k(1, x, x5)[2x + B(x, xg)].

o (B12)

=8

2. The CP asymmetry in the decays

Taking into account the results obtained in Eqs. (B9)—
(B12) and the general expression (B1), we get the final
expression of the CP asymmetry:
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1w
167 E
F,(x, xg,x3) + 2x[x + B(x, xg)1F, (x, xg, x3)

€cp = —

X Im(a)

2x + B(x, xg)
(B13)

where
2

3 ) (B14)

k(1, x, Xs)z

1
Fi(x, xg, = 1
o) = s o
— k(L x, x5) + (2x2 = X3)F | (x, x5, x3).
(B15)

Therefore in the limit mg, M << M5, which we are inter-
ested in, we get the approximation reported in Eq. (3.2):

FZ(X, xS: x3) -

1 1
S Im(a).

€= T 6m My

APPENDIX C: BOLTZMANN EQUATIONS

In this appendix, we introduce the set of Boltzmann
equations (BE) that are used for the numerical evaluation
of the baryon asymmetry. More details on the network of
BE can be found in the appendices of [35,44]. For a given
particle (asymmetry) X, we denote as usual by Yy its
comoving number density, i.e. the number density normal-
ized to the entropy density. We assume Maxwell-
Boltzmann statistics for both fermions and scalars. In an
expanding Universe, the evolution of Yy is governed by the
Boltzmann equation:

dy
sH@)—% = = 3 [Xa=if]
a,i,j,...
where
Yy Y Y, Y,
[Xamij] = 355 3 v (Xa = i) = yeq 3 7(0j = Xa),
Y Y,

and z = M;/T is the evolution parameter, while y°4 are
the equilibrium reaction densities of the different pro-
cesses. We will limit our analysis to 1 < 2 and 2 < 2 pro-
cesses, but will include the on-shell part of some 2 < 3
scatterings for consistency. If these processes conserve CP,
then we use the notation [Xa < ij], as y*4(Xa — ij) =
ve(ij — Xa).

In a radiation dominated Universe, the Hubble constant
H(T) and the entropy density s are given by

47T3g* T?
H(T) = S 0
V 45 My

In these equations, g, is the number of relativistic degrees
of freedom present in the thermal bath at the leptogenesis
time scale. In the case of the SM, at temperatures above

_ 277 T3
~ 8y

>
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the EWSB, one has g™ = 106.75. Assuming that the
non-SM scalars S, H, and H; and the Dirac fermion
Np are relativistic particles at 7 = M5, we obtain: g, =
M+ 46/4 = 118.25.

As already explained in Sec. III, the main source of Np
and § asymmetry production during the first stage of lepto-
genesis are the CP violating decays and inverse decays
of N 35

_ 1+
YUN;=NpS) = 71)(

€ —
5 CP) = Y¥(N;SN)S),

where €cp is the CP asymmetry in the decays, defined in
Eq. (B1), and vy, is the CP conserving total decay width of
N;. The last equality results from CPT invariance. We
further include in the BE AN, = AS = 2 scatterings
shown in Fig. 2, whose corresponding collision rates are
denoted as:

Y4(NpS2NpS) = y4, and y9I(NpNp — SS) = ¥4,

Note that, as in standard leptogenesis, N,S=NpS pro-
cesses mediated by N3 in a s-channel develop an on-shell
part, which is CP-violating. To avoid double-counting of
this resonant part, already accounted for by the inverse
decays, the on-shell contribution should be subtracted from
the full NS — NS scattering rate.

In addition to the standard source term given by the
decays of N3, we include the CP violation arising from
the 2 < 2 scatterings involving an external N3, which
also depends on the CP violating phase « entering in
€cp, Eq. (3.2). The CP asymmetry for each diagram is
computed as in the standard leptogenesis scenario, e.g.
[62,63]. However, in our model a contribution to CP
asymmetry in the Nj-scatterings arises from both s-,
t-and u-channels, as depicted in Fig. 3. The corresponding
thermal rates, in this case, are

a) Y U(NpN;=2H;3S) = 5y, (1 = €p)
= y(NpNy;sH,S).
b) Y U(N3S2NpH3) = 3, (1 + €2p)
= y*UN3SSNpH3).
¢) Y(NpS=N3H3) = vjy, (1 + €6p)
= y*NpSSN3H3).
d) y(N3S=H, €) = v4, (1 = ecp) = y(N3SsH, ).
e) Y(N3S=2Hy0) = 5, (1 * ecp) = y(N;SSH, ).

The CP asymmetries in the scattering, e’ép (k=a,...,e),

are defined by €fp = ecpAK*, with
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YD) = (vaD)s
a,b
VN,
_ ) = O
YN,

AK? = AK® = 1.

AK®b =

»

AK°

>

Here W’X/)c, ¢ = (s, t,u), corresponds to the s-, r-and
u-channels of the different processes shown in Fig. 3.
Notice that, similarly to the AN, = AS = 2 scatterings
considered before, as explained in [63], we have to subtract
the resonant CP-violating contribution of the 2 < 3 pro-
cesses in which N3 is exchanged in the s-channel. The
nonresonant parts of such processes are not taken into
account in our computation, since they are at higher order
in the couplings.

As regards N three-body decays, which are at the same
order in the couplings as 2 < 2 scatterings on N3, they are
phase-space suppressed and so give a subleading contribu-
tion with respect to the two-body decays [63], and we
consequently do not include them.

We further consider the effect of S self-annihilations
(see Fig. 4), which could wash out the asymmetry Y,y
for large values of the coupling & (see Eq. (4.3)). The
related interaction density rate is noted

YUSS < H H,) = vgs.

Several processes participate in the second phase of
leptogenesis. Besides the scatterings on Nj, the 7}‘5}5 dis-
cussed above, we include the following interactions, at the
lowest order in the neutrino Yukawa couplings:

(a) Np decays and inverse decays: y*4(Np, — €, H,) =

Yp¢ and YN, < €BI:I2) = Ypi-

(b) AL = 1, H,-mediated scatterings with top-quark:
YA(Npl = Q37) = ¥y, for the s-channel contribu-
tion and Y*U(Npgq; < €1) + y4Npi < €gs) =
2y}, for the t-channel contributions.

As already stated in Sec. III, the leptons participate in Np
mediated AL = 2 scatterings: y{, = y*4((H, < {H,) and
Yoo = vl — H Hy).

We are ready now to report the complete set of
Boltzmann equations relevant for the computation of
the baryon asymmetry of the Universe in the two-step
leptogenesis scenario described in the text. We include
all the interaction terms introduced above and we use the
simplified notation yy, = Yy, /Yy, yax = Yax/Yy' and

PHYSICAL REVIEW D 84, 125021 (2011)

Yy = (sH(z))dYy/dz. At first order in the asymmetry
(zeroth order for N3), the full system of Boltzmann equa-
tions is the following:

Yy, = —[N;=N,S] — [N3=NpS] — [NpN;=2H;S]
— [NpN;=H,S] — [SN3=N pH; ]
— [SN32NpH;] + [SNpyeN; Hs]
+ [SNp=N3H3] + [€H,2=N5S] + [(H,22N;5]
+ [Ho0=2N3S] + [H,6=N;S],

Yy, = [N3=NpS] = [NpS=NpS] — [NpNp < SS]
— [NpNs=H;3S5] — [NpH3=2N;3S] — [NpS=N;Hs]
—[Np = €H{] = [Np < €H,] = [Np{ < g51]
— [Npgs < €] = [Npt = €g3],

— [SH32N;3Np] — [SNs22N pH3] — [SNp=2N3 H;
- [SN3<:€H]] - [SN3<:)€I:12] - [SS g HIHZ])

Yy =[Np < €H]+ [Np « €H,] — [{Np < ;1]
— [€t = Npgs] — [€g3 < Npi] — [(H;=N5S]
- [€H2<:N3§] - [€H1 > El:lz] - [€€ Aand HIFIZ:L

Yy =[Np — H\{] - [H{=N;S] — [H H, < SS]
—[¢H, — ¢H,] — [H,H, — €],

Y}, =[Np < €H,] — [Hy{==N;S] — [H,H; < § §]
— [tH; < EHI] —[H\H, < Eé],

Yy, = —[H3;82N3Np] — [H3Np=N;S]
— [H3N;2NpS].
The evolution equations of the antiparticles are obtained by
taking the CP conjugates of the different rates. The

Boltzmann equations of the number density (asymmetry)
finally read:

Yy, = (- yN3)<7D +2 z '}’fv3)’

k=a,....e

(ChH

Yiy, = On, — Dlecpyp + 2€8p vy, — 2€8p¥h, — 2€5p¥i,) — 2(¥s T 27R0) an, = Yas) = ¥, O Yan, — Yan, T Vas)

= Vi Oany = Yam, T YN Yas) — Y, Van, — YngYam, t Yas) = Yoean, — Yae — Yan,)

= YpiOan, T yae T yan,) = (i, + 275, 0an, = Yac),

(C2)
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Yig = —Ow, — Dlecpyp + 2€lpyy, — 2€lpV, — 2€5pY, T 2€cp¥iv, + 2€cpyy,) — 2(v4, + 278,)(Vas — Yaw,)
= 2yss(2yas = yan, + Yam,) = Y, (as = yan, T YnYan,) = Vi, OnYas = Yan, + Yan,)

= ¥, 0as = v yam, T Yany) — ¥, On,yas = Yam, — Yae) = Vi, OnYas + Yam, T Yao) (C3)
Yie = —On, — DQecpyi, — 2€cp¥s,) = Yoeae + Yam, — Yan,) = YpiWae + Yam, + yan,)
+ (v, T 29N 0an, = Yae) — (Ve + 2v00)Q2yac + Yam, + Yam) = Y, Oan, T Yae = Yn,Yas)
= ¥&, Vam, T Yae T YN, Yas), (C4)
Yig = —20w, — Decpy, = Yoean, + yac = Yan,) = (Vée + ¥00)2yae + Yan, + yan,)
= Y% Oam, t yae — ynyas) — YssOam, — Yam, — 2Vas) (C5)
Yig, = 20N, — Decpyy, = YpeOan, + yae + yan,) = (Vi + v2)2yac + yan, + Yan,)
= Y8, Oam, T Yae T Yasyn) YssOan, = Yan, T 2yas) (Co)
Yig, = On, — DQelpvsy, — 2€pvR, — 2€6pvi,) = Y, Oan, — Yas = Yanyyny) = YR, am, = Yan, — Yasyw,)
= ¥, 0am, YN, — Yan, ~ Yas)- (C1
. T3
APPENDIX D: CHEMICAL EQUILIBRIUM Yap = o Qug + pu + 1a),
CONDITIONS 2s (D3)

We derive in this section the chemical equilibrium
conditions provided by all the interactions which are
in-equilibrium at the leptogenesis epoch, 7T ~ M3 =
1076 GeV.

The chemical potentials of each generation of SU(2)y
quark doublets, Q;, and singlets, ug; and dp,;, are denoted
by mo, = Mos My, = My and pg, = g, tespectively.
Concerning the lepton fields, we define for each flavor
a the corresponding chemical potentials as e = e,
Mep, = M. We denote with uy the chemical potential of
Np. Analogously, for each scalar field in the model we
define, in a consistent notation: uy, ,, and ug. We remark
that the chemical potentials of the SM fermions are as-
sumed to be independent of the generation index, because
of the rapid flavor mixing interactions which occur at the
leptogenesis time [42].

The number density asymmetries are related to the
particle chemical potentials through the relations:

3

Yoy = g)é wy  for bosons, (D1)
s
T3

Yaxy = X pmy for fermions, (D2)

where gy is the number of internal degrees of freedom of
the particle X. The total baryon and lepton number asym-
metries can be expressed in terms of the fermion chemical
potentials:

3

LA CPURE
AL 2 Mg ™ e 3,U«ND-

Taking into account the definitions given above, we have
the following relations [42]:
(1) QCD and SU(2)y sphaleron interactions:

2ug = My — Mg =0, (D4)

3ug + e =0. (D5)
(2) Hypercharge neutrality:

3o + 20y — pg — pe — pe) +2(mpy, + pp,) =0.

(D6)
(3) Charged lepton Yukawa interactions:
Mo~ pp, — e =0, (D7)
ot pp — py =0, (D8)
Mo — Mu, — e =0. (D9)

(4) Lepton number conserving Dirac neutrino Yukawa

interactions:
My, = g, — e =0. (D10)
(5) (B — L) conservation:
3Quo + py + ma) = 3Que + pe) = 24y,
= 2(ps + 2pp, —4ppy,) = 0. (D11)
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We notice that the QCD sphaleron condition is redundant
in this case, as all quark Yukawa interactions are in
equilibrium.

The different chemical equilibrium conditions enforce
relations among the chemical potentials, which then can be
expressed in terms of a subset of them. We set

My = Cp_p M- t CN My, T Cspbs, (D12)

where we define wp ; through the relation: Yy p) =
Yap — Yo, = wp_.T3/(2s). We then distinguish three
possible scenarios:

(A) Lepton number violating neutrino Yukawa interac-
tions and § self-annihilation are decoupled, which
corresponds to the set of equilibrium conditions 1-5
listed above. The different chemical potentials can
be expressed in terms of the set (g1, iy, Ms)-

(B) S self-annihilations are always in equilibrium, but
lepton number violating Yukawa interactions are
still decoupled. An additional equilibrium condition
is enforced:

2ps = pp, + pp, = 0. (D13)

Only two chemical potentials are independent, that
we choose to be (ug_1, iy, )-

(C) All interactions listed above, as well as lepton num-
ber violating Yukawa interactions, are in thermal
equilibrium during the leptogenesis era:

My, T g, + e =0. (D14)

In this case, all chemical potentials are proportional
and can be expressed, for example, in terms of pug_;.
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TABLE II. Chemical equilibrium coefficients in Eq. (D12) for
the three cases discussed in the text.

CB—L Ny Cy CB—L CNp CB—L
1 15 1 15 1
HMH, 16 16 16 16 4
_u _ 101 — 11 — 101 3
M, 16 1 0 16 16 14
9 _ 101 —1 21 _ 231 3
Moy 8 8 2 16 16 1
3 29 —1
Hs 0 1 8 8 7
1
/.LND O 1 O 1 7
_ 1 1 — L 1 -1
Me 16 16 0 16 16 14

The coefficients cy in Eq. (D12), corresponding to the
three cases listed above are reported in Table II. In the first
two cases the final baryon asymmetry is given by

1 1

Yap = 1 Yag-1) — 3 Yan,- (D15)

In the last scenario, which corresponds to the case dis-
cussed in Sec. III, where all the interactions listed above
are in thermal equilibrium during the generation of the
BAU, we have:

2

Yap = 7Ya@-1) (D16)

Notice that expressions (D15) and (D16) should be con-
sidered valid up to the decoupling of Np, i.e. forI'y > H.
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