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Resonant leptogenesis with mild degeneracy
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Under the assumption of hierarchical right-handed neutrino masses, masses of right-handed neutrinos
must be larger than 10® GeV in the standard thermal leptogenesis scenario, while the mass can be reduced to
around 5 TeV in a neutrinophilic two Higgs doublet model. On the other hand, resonant leptogenesis can
work with the masses of TeV scale. However, necessary degeneracy between the lightest and the second-

lightest right-handed neutrino masses means unnatural fine-tuning of the order of 10°. In this paper, we will
investigate the resonant leptogenesis scenario in a neutrinophilic two Higgs doublet model. We will find
the mass can be reduced to 2 TeV, and the degeneracy becomes much milder as of the order of 10%.
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L. INTRODUCTION

In modern cosmology and particle physics, one of the
important open problems is the origin of the baryon asym-
metry in the Universe (BAU). Many kinds of models have
been proposed in order to solve this problem; however, we
do not know which model is true. The thermal leptogenesis
scenario [1,2] is an attractive candidate to explain the BAU,
in which the simplest model introduces only right-handed
heavy Majorana neutrinos in addition to the standard
model (SM) [3]. Their CP-violating interactions make a
lepton asymmetry during their out-of-thermal equilibrium,
and, through the sphaleron process, a part of the lepton
asymmetry turns into the baryon asymmetry. This simple
procedure requires that the right-handed neutrino mass is
larger than 10% GeV [4,5].

On the other hand, when the lightest and second-lightest
right-handed neutrino masses are closely degenerate, the
CP asymmetry is enhanced by a self-energy of the right-
handed neutrinos. Thanks to the large CP asymmetry,
so-called resonant leptogenesis [6] can explain the BAU
even with the TeV-scale mass. We might have a chance to
detect a TeV-scale new particle in collider experiments,
such as the LHC and International Linear Collider [7,8].
However, in the resonant leptogenesis, the mass degener-
acy needs unnatural fine-tuning of @(10°).

In order to explain the tiny neutrino masses in a novel
approach, a new class of two Higgs doublet models
(THDMs), so-called neutrinophilic THDMs, has been sug-
gested [9-24]. The collider phenomenology of these models
is studied in Refs. [15-18]. This model introduces an addi-
tional Higgs doublet, which has Yukawa interactions only
with neutrinos. A vacuum expectation value (VEV) of the
additional Higgs, v,, is expected to have a much smaller
energy scale compared to the SM Higgs doublet. This tiny
VEV is an origin of the tiny neutrino masses without tiny
couplings of neutrino Yukawa interactions. It plays a crucial
role in a low-energy thermal leptogenesis as shown in
Ref. [24], where it was shown that, around 5 TeV, mass of
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the right-handed neutrino can realize the suitable BAU. Note
that from the measurement of flavor-changing neutral cur-
rent, the neutrino Yukawa couplings should be smaller than
1073; correspondingly, v,, should be larger than 0.1 GeV for
the right-handed neutrinos with TeV-scale mass.

In this paper, we will investigate the resonant lepto-
genesis scenario in a neutrinophilic THDM. We will find
the masses of right-handed neutrinos can be reduced to
2 TeV, where the degeneracy becomes much milder as of
order O(10%).

II. BRIEF REVIEW OF NEUTRINOPHILIC THDM
AND LEPTOGENESIS

In this section, we review the neutrinophilic THDM and
leptogenesis briefly.

A. Neutrinophilic THDM

Here, we review the neutrinophilic THDM [9], in which
an additional Higgs doublet @, and a discrete Z, parity are
introduced. Their properties are assigned as Table 1. Under
the discrete symmetry, Yukawa interactions are given by

_£yukawa = y"Q_LCI)UR + de_Lci)DR + ylE(DER

_ 1
+y'L®,N + S MNN + He, (1)

where ® = i, ®*, y’s are Yukawa couplings, and M
shows masses of the right-handed neutrinos. Here, we
omit the generation indices. Notice that new Higgs doublet
gives only neutrino Dirac masses. Two different Higgs
doublets, ® and P, are expected to have the nonzero
VEVs, denoted by v and v, (with v > v,), respectively.
The masses of light neutrinos are given by

v vT
yikvvy kjvll
my =y 9G¥ 2)
Y % M,

The neutrino Yukawa coupling, y”, can be larger than
the ordinary seesaw mechanism, which makes the
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TABLE I. Fields content of the neutrinophilic THDM.

Fields Z, parity Lepton number
SM Higgs doublet, ® + 0

New Higgs doublet, &, - 0
Right-handed neutrinos, N - 1

Others + *1: leptons, 0: quarks

leptogenesis scenarios work in the TeV scale, as we will
show below.

B. Thermal leptogenesis

To explain the baryon asymmetry in the Universe, three
conditions are required [25]: B-violating interaction, C and
CP violation, and an out-of-thermal equilibrium process.
Thermal leptogenesis easily satisfies the three conditions
by introducing heavy right-handed Majorana neutrinos: an
L-violating interaction of the right-handed Majorana neu-
trinos, CP violating Yukawa interactions, and nonequilib-
rium decay due to the expansion of space. Through the
sphaleron process, a part of the lepton asymmetry turns
into the baryon asymmetry. We can estimate the B — L
asymmetry by solving the Boltzmann equations [4,26]. In
the simplest case, in which we take the only lightest right-
handed neutrino into account, the Boltzmann equations are
given by

dNy,

= —(D + S)(Ny, — NI, 3

e ( )(Ny, — Ny, 3)
dNpg_

# = & D(Ny, = Ny}) = WNg_, 4)

where z = M,/T, M, is the mass of the right-handed
neutrino and T is the temperature of the Universe. The
number density of the right-handed neutrino Ny, and
the amount of B — L asymmetry Np_; are normalized
in comoving volume, which contains one photon at tem-
peratures T >> M|, so that the relativistic equilibrium N,
number density is given by Nle\?l (z < 1) = 3/4. D denotes
the contribution of N; decays and inverse decays. S
denotes the contribution of AL = 1 scatterings, mainly
from top quark and gauge bosons. W is the washout
term, which contains the contribution of inverse decay,
AL = 1 scatterings, and AL = 2 processes mediated by
right-handed neutrinos. To keep our discussion conserva-
tive, we consider cases in which sufficient baryon asym-
metry can be produced without relying on flavor effects,
while the flavor effects can enhance the produced lepton
asymmetry [27-30].

Using the Hubble expansion rate H and interaction
rates I'’s, the contributions are written by D = I',/(Hz),
S =Tg/(Hz), and W =Ty, /(Hz), respectively. D and §
depend on the effective neutrino mass [31], defined as
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where y” is the neutrino Yukawa coupling and v =
174 GeV is the Higgs vacuum expectation value. We
define the decay parameter as

L'y 1y

: =, (6)

K =—"1
"“"HT=M) m.

which represents whether N; decays are in equilibrium at
T = M, or not. Here, FNI is the N, decay width, and m., is
the equilibrium neutrino mass, defined as

83 g. 8mv?
. = - ~1.08 X 1073 eV, 7
=90 My © )

where g, is the total number of degrees of freedom, and
Mp = 1.22 X 10" GeV is the Planck mass.

To solve the Boltzmann equations (3) and (4), we
assume the initial number density of Ny_; is zero. Then,
we can get Np_;(z) =3 &,k(z) [32], where &, is the CP
asymmetry, and « is the efficiency factor [33]. Finally,
considering a dilution factor that is calculated by the
difference of g, and a conversion from lepton asymmetry
to baryon asymmetry through sphaleron process [34], we
obtain the final baryon asymmetry as

86 28
~ 2387 %NB,L ~0.96 X 1072, Ky, (8)
where k; = k(00).

On the other hand, the present baryon-to-photon ratio of
the number density has been measured by Wilkinson
Microwave Anisotropy Probe [35] as

B

nSME = 6.19 X 10710, 9)

Equation (8) should be compared with this observed value.

C. Resonant leptogenesis

Next, we review the resonant leptogenesis [6]. CP asym-
metry is considerably enhanced through the mixing of two
closely degenerate right-handed neutrinos N; (i = 1, 2).
As aresult, the lepton asymmetry produced by N; decays is
enhanced, and the leptogenesis can work even by light N;
with O(1) TeV masses.

The CP asymmetry is given by [36,37]

_ TN, = L®) = T(V, — L&)
" T'(N;— L®) + I'(N; — LD*)
N Im(y”er”)izj mM; MM,
~orhy)uGrtyn);; 8t MR — M2

(10)

where i, j =1, 2, (i # j) and the last factor expresses
a mass degeneracy of two right-handed neutrinos. For
M, < M,, we define
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_ MM,

dy ME A (11)
When M, — M, is small, dy is large; that is, g; is large.
Notice that small M, — M| means fine-tuning. The
absolute value of the first factors composed of Yukawa
couplings is less than unity, so we define them as sin &,
and — sin §,, respectively. Then, the CP asymmetries are
given by

1, M,

g = — Y- dysin d, (12)
71, M

szz—'gl Ly sin 8. (13)
v

n; +3Hn, = y(N — I®,) — y(N — (D)
—{y(1®, — N) — y(i®; — N)}
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The larger dy is, the larger both £, and &, are. For M| =
M,, the difference between Eqs. (12) and (13) almost
depends on the effective neutrino masses, 71 and 7,.

Because of the large CP asymmetries, the resonant
leptogenesis can work with the right-handed neutrinos
having TeV-scale masses, while the degeneracy needs
terrible fine-tuning of @(10%) in an ordinary resonant lepto-
genesis. It is a disadvantage with the model.

III. RESONANT LEPTOGENESIS IN
THE NEUTRINOPHILIC THDM

Now, let us investigate the leptogenesis in the neutrino-
philic THDM. In the neutrinophilic THDM, the Boltzmann
equation for the lepton asymmetry L = [ — [ is given by

: decays and inverse decays

— y(IA— N®,) + y(IA — NO) — y(Nl = AD,) + y(N] — AD?)

— y(I®, — NA) + y(Id — NA)
+y(l— &;®5) — y(Il - D,P,)
+2{y' (1D — 1D,) — Y/ (1D, — D))}

= SFD(”lN - ”7\?) —Iyny,

where we omit the generation indices. @, and A denote the
neutrinophilic Higgs bosons and gauge bosons, respec-
tively. vy terms describe the change of the number densities
due to the corresponding interactions. Here ' terms are the
same as vy terms up to additional subtraction of the real
right-handed neutrinos mediated scattering processes. The
washout rate is given by
eq
Ly :lner + %FAL:I,S + 205 =1, T 208 =2 (15)
N

eq
2n,

If the initial np is zero, the solution of the equation n; is
equal to —npg_;, and Eq. (14) reduces to Eq. (4).

Note that we take the maximal contribution of the
AL =2 processes as a upper bound of the washout
rate, Eq. (15). For T < M,, the decoupling condition is
given by [24]

v vt 2\2 2 4

Yii¥ji Vv 3 Tge Uy

— | <3273 . 16
Z(; Mj ) T 90 TMp (1o

Thus, the AL = 2 washout processes are more significant
for lower v,. The above inequality gives the lower bound
on v, in order to avoid too strong a washout. We will use
this bound for the numerical results.

IV. NUMERICAL ANALYSES

Before solving the Boltzmann equations, we recall the
condition of the out-of-equilibrium decay. Using the decay
parameter, Eq. (6), the condition K| < 1 becomes

: s- and t-channel AL = 1 scatterings

: s- and t-channel AL = 2 scatterings
(14)

iy < m(%)z (17)

Notice that there is an additional factor, (v,/v)?, in the
neutrinophilic Higgs model. When we concentrate on the
case v, <X v, the effective neutrino masses are given by

i, =0 eV, (18)

iy = \[Am2, = my =8.6X 1073 eV, (19)

Then, the CP asymmetry Eqs. (12) and (13) are given by

2

71,M.
_ M Zstinb‘l:—g—VstinBl, (20)
a

2
8y,

&1~

&) "“O, (21)

where y2 denotes (y”Ty”),,. Using these parameters, we
solve the Boltzmann equations. We will show the results of
numerical calculations below.

We consider a scenario with two nearly degenerate right-
handed neutrinos N ,, for which the masses are a few TeV,
and neglected N3, for which the mass is much heavier than
Ni,. We will show the following three dependences:
(1) the neutrino Yukawa coupling y, dependence of the
final baryon asymmetry 7p, (2) the neutrinophilic Higgs
VEV v, dependence of the CP asymmetry &; and the
minimum degeneracy of right-handed neutrino masses
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FIG. 1. Time evolution of Ny_; with g, = —1, M| = 2 TeV,
v, = 107%, and K; = 1072. The dashed, dotted, and solid lines
correspond to Ny, N,, and Np_;, respectively.

dpy min » and (3) the right-handed neutrino mass M; depen-
dence of np and dy.

At first, let us show the solution of the Boltzmann
equations. Figure 1 shows the evolution of the lepton
asymmetry for M| = 2 TeV without a sphaleron effect.

1074
2 107°

1078

10719F 1

10712 : . y X
0.001 0.1 1 10 100
K

(a) K; dependence of np with 1073 < K; < 103

0.01 1000

FIG. 2 (color online). mp(z > 1) with &, =
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The generation of the lepton asymmetry is completed at
around zg, =~ 20. The sphaleron process ceases at zg, =
M, /Ty, = 20 because the electroweak symmetry breaking
takes place around 100 GeV, and we may consider T, =
100 GeV. If zg, is smaller than zg,,, before the sphaleron
process ceases, Ng_; is frozen out, which is shown as the
plateau in Fig. 1. Note that a low-energy leptogenesis such
as O(100) GeV includes two different types of uncertain-
ties about the sphaleron process. One is that the relation
Zfin = Zsph 18 usually not satisfied for small M. So, Np_; is
not frozen out while the sphaleron process is active, which
leads the final production of the lepton asymmetry to be
unclear. The other is about the condition of whether the
sphaleron process is really in thermal equilibrium, which
is roughly expressed by H(T,,) < I'y, = K\H(T = M,)
and rewritten as

H(Tg) Topn\2
K= o= (DY, 22)
H(T = M]) Ml
1 : . .

0.01f 1

1074} =T T T
// \\ \\

2 10°°f Y \\\ T -1
-8 / ‘\‘

] S
10710 / 1
10712 : : |

107 107 0.01 1
K

(b) K1 dependence of np with 1076 < K; < 10

—1and M, = 2 TeV. The solid, dashed, dotted-dashed, and dotted lines correspond to

vy, =1077,1075,107>, and 1074, respectively. Here, (a) contains all, while (b) does not contain y, = 1077. The red thick-dashed line

shows the observed value, n§M8 = 6.19 X 10710

0.01f L
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(a) v, dependence of ¢;

FIG. 3 (color online).
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(b) v, dependence of dy in

v, dependence of (a) &; and (b) dympn, With M; =2 TeV. g, is obtained by nz(z > 1) = n§M5.

The numerical results are shown by the solid, dashed, dotted-dashed, dotted-dotted-dashed, and dotted lines, which correspond to
K, =107% 1073, 1072, 107!, and 1, respectively. The red thick-dashed line shows the degeneracy of an ordinary resonant

leptogenesis such as dy = 10°.
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FIG. 4 (color online). M, dependence of 7p. Here, np is
estimated with &, = —1 and y, = 107*. The solid, dashed,
and dotted lines correspond to M; = 500 GeV, 1 TeV, and
2 TeV, respectively. The red thick-dashed line shows the
observed value, n§M8 = 6.19 X 10710,

We find K, = 2.5 X 1073 for M; = 2 TeV. It means that,
for K; = 2.5 X 1073, the sphaleron process completely
works, and the lepton asymmetry turns into baryon asym-
metry according to the relation Ny = (28/79)Ng_;. On
the other hand, for K; < 2.5 X 1073, the validity of using
the relation is unclear. In this paper, we do not carefully
treat these uncertainties so much, while it could be a
crucial point for low-scale thermal leptogenesis. Notice
that, in the M| = 2 TeV case, the resultant lepton asym-
metry at K; = 1072 is not affected by these uncertainties.

Figures 2(a) and 2(b) show the y, dependence of the
final baryon asymmetry, ng(z > 1) with &, = —1. Here,
15(z > 1) means that we consider the lepton asymmetry,
which is frozen out. As discussed above, when M| is small
as O(100) GeV, ng(z > 1) is changeful. To explain the
BAU, at least nz with ; = —1 should be larger than n$M2
because 7y is almost proportional to £, and the absolute
value of & is less than unity. So, if g with g, = —1 is
larger than 7§32, the observed baryon asymmetry can be
always reproduced by taking &; to the smaller value.

1010
= e e e e e —— ]
108
g .
10°F
<5
I
105 L
10* y y
1000 1500 2000
M, [GeV]

(a) M; dependence of dy,;, for K7 = 0.01

FIG. 5 (color online).

M, dependence of d ;, for (a) K; = 1072
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In Fig. 2(a), as y,, is large, the baryon asymmetry extremely
decreases between K; = 0.01 and K; = 0.1 and survives
some constant value for K; > 1, except y,, = 1077. When
y, is smaller than 1077, the results is nearly the same as an
ordinary resonant leptogenesis.

The behavior shown in Fig. 2(a) is caused by an N,
washout effect, which becomes stronger as y, is large.
Here, we have to remind the reader that we use the
condition of the out-of-equilibrium decay, K| < 1, where
g, ~ 0. For anon-negligible &,, np at K; = 1 is larger than
the value shown in Fig. 2(a) by a O(1) factor. Figure 2(b)
shows the same lines (without the line of y, = 1077) as
Fig. 2(a) in the lower region of K|, where all lines represent
that enough baryon asymmetry is produced at least for
K, =2 X 107%. We find that this bound corresponds to
10715 eV <7, <1078 eV for y, = 10™* (illustrated by
shaded region), for which the upper bound is determined by
K, < 1. This small /1, means that the degenerate mass
spectrum of active neutrinos is disfavored, which is the
same as the ordinary resonant leptogenesis.

Figure 3(a) shows &, which agrees with the BAU, and
Fig. 3(b) shows the minimum of dy defined as Eq. (11) for
the neutrinophilic Higgs VEV, v,. From Eq. (12), we
obtain the inequality

8mv?
szz ’
Fitting the value of &, that is, taking nz(z > 1) = n§M8,
we obtain the minimum of dj, which is denoted by dy pin -
In Fig. 3(a), &, is almost proportional to the wv,? for
K; = 0.1. In Fig. 3(b), dymin 1s nearly constant around
108 for K; = 0.1. Here, dyy = 10° is a typical value of the
degeneracy in the ordinary resonant leptogenesis. For
K; = 0.01, & is almost constant; correspondingly, dy min
is almost proportional to the v2.

Note that the relation dy * v2 is a unique behavior
in the neutrinophilic THDM because v, is the unique
parameter in the model, while the VEV, which provides

dN = — &1

(23)

1010

109 ———————————————————————

108 ==

107p

dN min

106 o

105 L

104 . .
1000 1500

M, [GeV]
(b) My dependence of dp i, for K1 = 0.1

2000

and (b) K; = 107", The solid, dashed, and dotted lines correspond

toy, = 107%, 107>, and 10™*4, respectively. The red thick-dashed line shows the degeneracy of an ordinal resonant leptogenesis such

as dy = 10°.
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TABLE II. Values of dy ., and 7, for each y,.

Order of dy iy Order of bound for 7,

y, = 1074 10* 1071 eV ~ 1078 eV
y, = 1073 100 1075 eV~ 107°%eV
y, =107° 108 10715 eV ~107* eV
y, = 1077 10° 10715 eV~ 1072 eV

the Dirac neutrino mass, is fixed by the SM Higgs VEV.
Thanks to the behavior, we obtain the minimum of the
mass degeneracy such as O(10%) for small v,. When v, is
smaller than 1 GeV (correspondingly, y, is larger than
10™%), we can obtain the smaller value of dy. But, from
the measurement of the flavor-changing neutral current,
y, > 1073 (v, < 0.1 GeV) has been ruled out. And it was
shown that, when we include the contribution of the
AL =2 processes in the Boltzmann equations, v, <
0.3 GeV is washed out for M| =2 TeV [24]. So, we
need not consider the small v, such as 0.1 GeV (large y,
such as 1073).

Finally, we check the dependence on the right-handed
neutrino mass. The M; dependence of 75 is shown in Fig. 4.
In the figure, for K; = 0.01, there is almost no difference,
while for K; = 0.1, there is much difference. For each of
them, the mass dependence of the minimum degeneracy are
shown in Figs. 5(a) and 5(b). Notice that dy ;, is almost
constant for K; = 0.01 in Fig. 5(a), while dy ,;, is nearly
proportional to M, for K; = 0.1 in Fig. 5(b). In the latter
case, dymin becomes smaller as M; becomes large. We
obtain the lowest value of the degeneracy from the former
case due to the small .

As a summary, we show rough values of dy ;, and 71,
for each y, in Table II. The bounds for 71, are given by the
TeV-scale mass of right-handed neutrinos. Note that the
y, = 1077 case almost corresponds to the ordinal resonant
leptogenesis scenario.

The observed neutrino mass differences and mixing
angles can be reproduced by taking suitable masses and
Yukawa couplings of the right-handed neutrinos. We can
easily take its parameter set, which is not constrained by
the LHC experiment. It is because right-handed neutrinos
are gauge singlets and have too small a mixing with left-
handed neutrinos to be observed by a direct detection.
Actually, the charged Higgs boson, which is composed

PHYSICAL REVIEW D 87, 123540 (2013)

almost entirely of neutrinophilic Higgs, could be observed
at the LHC in the particular set of parameters, such as a
case in which the right-handed neutrinos are heavier than
the charged Higgs boson [18]. But it depends on the
charged Higgs mass, which is beyond the contents of our

paper.

V. SUMMARY AND DISCUSSIONS

We have studied the resonant leptogenesis in the neu-
trinophilic THDM. Although usual thermal leptogenesis
requires the right-handed neutrino mass to be larger than
10% GeV, the neutrinophilic THDM can reduces the mass
to around 5 TeV [24]. On the other hand, resonant lepto-
genesis works with the masses of O(1) TeV; however, the
degeneracy between the lightest and the second-lightest
right-handed neutrino masses requires unnatural fine-
tuning of O(10°). In this paper, we have shown the reso-
nant leptogenesis works with the right-handed neutrino
masses of 2 TeV in the neutrinophilic THDM, where
the fine-tuning of the mass degeneracy can be much
smaller as O(10%).

Finally, we comment on how small we can take the
masses of right-handed neutrinos. If we consider the low-
energy thermal leptogenesis of @(100) GeV, we have to
mind two conditions about a sphaleron process: (1) whether
or not the lepton asymmetry is frozen out before the
sphaleron process is finished and (2) whether or not the
sphaleron process is in thermal equilibrium. If both
answers are positive, we do not have a problem. If not,
we must treat an uncertainty, and when the right-handed
neutrino masses are of @(100) GeV, the model usually
contains this uncertainty. Thus, if we consider the thermal
leptogenesis of O(100) GeV, we must estimate carefully.
This is why we took the result that the right-handed neu-
trino masses are 2 TeV.
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