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Abstract
We study a two-loop induced radiative neutrino model at TeV scale with global U (1) symmetry, in which
we analyze dark matter and resonant leptogenesis. The model includes two kinds of dark matter candidates.
We discuss what kind of dark matter can satisfy the observed relic density as well as the current direct
detection bound, and be simultaneously compatible with the leptogenesis. We also discuss whether our

resonant leptogenesis can be differentiated from the other scenarios at TeV scale or not.
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I. INTRODUCTION

After the discovery of the Higgs boson at the LHC, the Standard Model (SM) has been estab-
lished well. However the SM still has to be extended in order to explain the existence of dark
matter (DM), the small neutrino masses, the baryon asymmetry in the universe and so on. Radia-
tive seesaw scenarios are renowned as one of the economical models which simultaneously explain
the existence of DM and the neutrino masses. Since the DM candidate is necessary to generate the
neutrino masses in this kind of models, physics between DM and neutrinos is strongly correlated in
this simple framework. For example, couplings and mass scale of DM are related with the neutrino
mass scale. In addition, since this kind of models can naturally include a new particle with TeV scale
mass, radiative seesaw scenarios have good testability in near future experiments. Along this line of
idea, a vast literature has recently arisen in Ref. [1, 2, 3,4, 5,6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17,
18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45,
46, 47, 48, 49, 50, 51, 52, 53, 54, 55, 56, 57, 58, 59, 60, 61, 62, 63, 64, 65, 66, 67, 68, 69, 70, 71, 72].

On the other hand, explaining the observed baryon asymmetry in the universe via leptogenesis
is one of the challenging issues in the framework of radiative seesaw models with right-handed
neutrinos, since couplings related to the source of the leptogenesis are expected to be O(1) due
to the requirement of the neutrino masses. It causes the strong washout of the generated baryon
asymmetry. In order to avoid this problem, we have to take hierarchical couplings with highly
degenerated masses between the source and the mediated fields.! For example, generating the
baryon asymmetry via resonant leptogenesis has been discussed based on the Ma model [73].

In this paper, we study a two-loop induced radiative neutrino model at TeV scale with a global
U(1) symmetry, in which we analyze DM and resonant leptogenesis simultaneously. In this model,
we have a scalar or a fermion DM candidate. We discuss which kind of DM candidate can satisfy
the observed relic density as well as the current direct detection bound, and can also be compatible
with leptogenesis. Since our model has two sources of leptogenesis, we also show different points
of our resonant leptogenesis from the other scenarios such as the Ma model at TeV scale [73].

This paper is organized as follows. In Sec. II, we show our model including field contents
and their global U(1) charges, Higgs potential, and neutrino masses. In Sec. III, DM properties

including relic density and current limit by direct detection experiments are discussed. In Sec. IV,

1 Such couplings can be achieved by making use of the experimental fact that one of three neutrino masses can be
negligible. To get the sufficient baryon asymmetry via thermal leptogenesis in the radiative seesaw framework,
resonant leptogenesis would be only the solution that requires the mass degeneracy between the source and the
mediated fields.



we analyze resonant leptogenesis. Summary and conclusions are given in Sec. V.

II. THE MODEL

A. Model setup

Ly eri |Fr/rj| Nrj | Xgj P n X XY | e
(SU(2)L,U(1)y)||(2,-1/2)|(1,-1)| (1,0) |(1,0)| (1,0) ||(2,1/2)|(2,1/2)|(1,0)| (1,0) |(1,0)

U(1) —x/2 —x/2 x | 3x/2|-3xz/2 0 3x/2 |—x/2|-bx/2| «x

Accidental Z, + + — + + + - - — +

TABLE I: Field contents and charge assignments of SU(2)r x U(1)y x U(1), where indices i = 1 — 3 and

j =1,2,(3) represent the generation.

As shown in Tab. I, we introduce two (or three) gauge singlet vector-like fermions Fy, g, and
gauge singlet Majorana fermions Ngr, and Xp as new fermions. The number of these particles
should be more than two in order to obtain at least two non-zero neutrino mass eigenvalues. We
also introduce an inert SU(2)y, doublet scalar 7, two neutral inert singlet scalars (x°, x*'), and a
neutral singlet scalar ¥ as new scalars. We assume that only the Higgs doublet field in the SM &
and the new singlet scalar ¥ have vacuum expectation values (VEVSs), which are symbolized by
(®) = v/v/2 and (X) = v//v/2 respectively.? We impose a global U(1) symmetry, under which ®
does not have a charge in order not to couple to the Goldstone boson (GB) [37]. The global U(1)
charge = # 0 is in principle an arbitrary, and the field assignments play a crucial role in realizing
our neutrino masses at two-loop level. If the U(1) charge x is fixed to be z = 2, we can identify
this U(1) symmetry as a global B — L symmetry. Hereafter we assume this global U(1) symmetry
to be a kind of U(1)p_r symmetry. Note that while the new fermions are added as vector-like
and do not contribute to anomalies, this model is anomalous since the three chiral fermions with
B — L = —1 corresponding to the right-handed neutrinos are not introduced. If one would like
to have an anomaly free model, the anomalies can be cancelled by introducing some pairs of new
heavy vector-like fermions [74, 75]. However this is beyond the scope of this paper. This model has

an accidental Zo symmetry which can assure the DM stability, and the accidental Zo assignments

2 The scale of v' should be larger than v’ ~ 107 GeV for successful leptogenesis as we will see later. Otherwise
the annihilation channel N3 N1, X1 X; — GG whose reaction rate is determined by v’ does not satisfy the out-of-
equilibrium condition at T' ~ O(10) TeV where T is the temperature of the universe. Thus the baryon asymmetry
would be washed out due to this process.



are shown in Tab. L.
The renormalizable Lagrangian for Yukawa sector, mass term, and scalar potential under the

charge assignments are given by

Ly = —yLr®er —y,Lrn'Fr — yny FLNrX" — yz\fx'FLXRXO/T

Y FENRXY — Y P X X" — MyxN§Xg — MpFyFr + He,, (IL.1)
Vo= m3 |0 + m2nl* + m2 0P+ m2 X2+ md )
N 2
MA@ ST + V(@) V'S + 7(XOTXO’)ET + %(XO)QE tHe.
Ao A A A s As
+ @ T+ ST SR RIS A+ Ay | 0l + Xy (@T0) (n' @)
/ /
Aoy [P 1F 4 Aoy [RIPX 1P 4 Aos @S> + Ay 0P IX° 1P + A (021X 1P + Ay |n?[E)?

!/ /!
o PP+ MsXCPIBP + Avs X ISP, (IL.2)

where the first term in Ly generates the SM charged lepton masses, and we assume the couplings A,
N, N and p,, in the scalar potential to be real for simplicity. As we will see below, these couplings
become important for neutrino mass generation.
After the symmetry breaking, the scalar fields can be parametrized by
+ +
w
q) = y 77 = 77 y E =

U/+0' iG /v’
—=(v+ ¢ +i2) 2=(ng +in;) Vit
V2 Ve T

(I1.3)
where v ~ 246 GeV is the VEV of the SM Higgs doublet, and w* and z are respectively the GBs
which are absorbed by the longitudinal components of the W and Z bosons. Inserting the tadpole

conditions, the resulting mass matrix of the CP even scalar (¢, o) is given by

Apv?  2Apnvv) cosa sin« m2 0 cosa —sina
m(¢0)=| " = " . (1L.4)

v, Aynv’? —sina cosa 0 m% sina  cosa

where h is the SM-like Higgs boson and H is an additional CP-even Higgs mass eigenstate. The

gauge eigenstates ¢ and o are rewritten in terms of the mass eigenstates h and H as

cosa  sina h 4\ !
. . with sin20 = 2200 (IL5)
o —sino cosa H mpg —m

The GB G in Eq. (I1.3) appears due to the spontaneous symmetry breaking of the global U(1)
symmetry. The couplings between the GB and the particles with non-trivial global U (1) charges are
given by J*9,,G/v’ through the global U(1) current J*. As one can see, the coupling is suppressed
by the VEV v'.



The mass matrices of the CP even and CP odd states of the inert scalar bosons (1, x°, XO/) R/I

are respectively given by

Aan+Ap, )2+ Anzv?
m? (G q’")z 1= Avv' /2 Nov' /2
2 ' 2 | V2 e v A sv? ",.12
Mp = Ao’ /2 my + S N'v'™2 /4 , (1I1.6)
At V250’2
Nov' /2 N'y2 /4 mi, SR Aahis Sl 5 e
Ao +Ny, Y2+ 502
m727 + Qo <1>7,)2 = —Avv' /2 —Nvv' /2
2 V20V Ay U2+ A 202
My = —Avv' /2 mi + V20 ot Ty N2 /4 ,  (IL7)
Aot V21502
—Nov'/2 —\'y"2 /4 mi, 4 2o TOXET 3 X'E

where we define diagonal mass matrices (M3) R/ = (m%1 / Il,m%b / IQ,mzRg / 13), and their mixing
matrices Ofl/[, so that they satisfy ME/I = OZ/I(MdQ)R/I(O(Z/I)T. Depending on the couplings,
the lightest CP even or CP odd mass eigenstate with the mass mpg, or my, can be a DM candidate.?
The non-standard couplings between DM and the GB induced by the non-self-conjugate couplings
A, N, AN and p, may be relevant to compute the DM relic density. This coupling can be written

down as

N oo
OROL + Z;OﬁOﬁ +

AU
4’

A\ L
5 021041 + - \/;fUKOﬁ)Q) DM?*G?,  (IL.8)

with the mixing matrix Of. In addition, the couplings between the CP even Higgs bosons and

VDM-DM-G-G = — <

the GB are also relevant to compute the DM relic density. These couplings come from the kinetic

term of ¥ and can be written as

o [—sinah—i—cosaH n (—sinah 4—/2czosozH)2
v 2v

} (8,G) (9"G). (11.9)

Finally the mass eigenvalue of the charged inert scalar ™ is given by

Aonv? + A\ysv?
2 .2 Pn nx
mnifmn+—2 .

(I1.10)
In this model, the typical mass scale of these new exotic particles is assumed to be TeV scale. On
the other hand, we should take v’ ~ 107 GeV for successful leptogenesis. Therefore a certain degree
of tuning among the relevant couplings cannot be avoided. More specifically, demanding that the
diagonal elements of the mass matrix Eq. (II.4), (I1.6) and (II.7) are TeV scale and off-diagonal

elements are 10 GeV scale to obtain small mixings of the order of Og/ T 1072 (i # j), the order

of magnitude of the couplings should roughly be A’ ~ 10712 X\| X', Apx ~ 1077 and Az, Az,

3 As we will discuss later, the CP even state is identified as DM.



Ays, As ~ 1078, Although this point may be a disadvantage of this model, it would be worth
discussing such a new concrete model with a global U(1) symmetry as an example model since all
the phenomenology of the neutrino masses, the existence of DM and the baryon asymmetry of the

universe are closely correlated.

B. Neutrino mass matrix

Due to renormalizability and the strong restriction of interactions via the global U (1) symmetry
in this model, neutrino masses are not generated neither tree level nor one-loop level. If the vector
like fermion F' has a Majorana mass term, neutrino masses would be generated at one-loop level
(for example see Ref. [1]), however this is not our case. As a result, neutrino masses are induced at
two-loop level, and we have three types of diagrams as shown in Fig. 1. The formula of the total

neutrino mass matrix can be given by

() == 32 50 e (), [y (i) + () ()] ()

ivj’k m,n

 [10 g g

1(mn 2R(mn 3R(mn)
2D s ]@N ;k () i [(yﬁvx)ij (W) s + (W) (W) kj] (W) g1
1,5,k m,n J
X [Iéffgm) + féffn)m)} : (IL11)

where Iﬂiy a pair of 1R and 1k a pair of 7Lk ) and 19

ij . .
2 R(mmn) 2L (mn)? 3R(mn 3L(mn) AT€ the dimensionless

loop functions which come from the left, center and right diagrams in Fig. 1 respectively. These

loop functions are defined by

(ijk)  _  RmRn 7(ijk) R I, 7(igk) Im Ry, 7(igk) Im I 7(ijk)

Lmny = O1313 "I, .y — O1913" Li(R,, 1) T O13153" (1R, — 01313 111,10 (IL.12)
(ijk)  _  ~RmRa 7(ijk) R Iy 7(ik) Im Ry 7(ijk) ImIn 7(ijk)

I(Uk) _ ORmRnI(ijk) _ ORmInI(Uk) + OImRnI(ijk) _ OImInI(Uk) (H 14)
2L(mn) — Y1213 L2L(RnRy) 1213 L2L(Rp1In) 1213 tor(1,.Ry) 1213 Lor(1,,1,)
(ijk)  _ A RmRy 7(ijk) R Iy 7(ijk) Im Ry 7(ijk) ImIn 7(ijk)

Liptmmy = O1183 " I3p(r, ra) T O1188" L3n(r, 1) — O1123" Lai(r,,m,) — O1128 T3r(1,, 1, (1115)
(k) _ A RmRn 7(ijk) R I 7(ijk) Im R 7(ijk) ImIn 7(ijk)

LZmmy = O133 " L3Ry i) + O3 I3 (Ryn1) — Oi23" L3 (1) — O1135 T3 (11,0 (1116)
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FIG. 1: Radiative generation of neutrino masses.

Rymln _ AR NHR I Ol
where O_;" = O;,,0;7 0,0y, and

2 2 2 2
mg my mg mry
I m | T no| T m | n , (I1.17)
(M?r> (M%> (M%> (M%H

7G8) o /d4€ /d4q 1 1 1 1 1
i) TN [ @)t ] @m)t 2 = M (0= ) = MRy, o2 = My, 2 —mi, > —mj

(ijk) 1
Ilj

(RmIn) (47.‘.)4

In
(IL18)
(k) _ MJQVXj / d*¢ / dtq (-q 1 1 1 1
2L(BmIn) —  AMp Mg, ) (27)* ) (27)4 62 — M%Z (0 —q)?%— M?VXJ, g% — Ml%k 02 — m%m q? — m%n’
(IL.19)

7(8) _ / d*e / dq 1 1 1 1 1
SRnl) NG [ (2m)L ) (2m) 12 — ME, @ — MRy 2 — MR 2 —m% (0 —q)2 —m]

(IL.20)
7(ik) _ M]2\/Xj / ae / dq 0 1 1 1 1
SL(Rmln) Mp,Mp, ) (2m)t ) 2m)* 2 = M, > — MRy 02 = ME, 2 —m (0= q)? —m]
(IL.21)

with I(z) = zlogx/(1—=z). Note that in the derivation of the above formula, the CP phases except
the Yukawa couplings are neglected. The contribution of the left diagram can be understood as
linear seesaw like formula by splitting the diagram into two Dirac masses induced at one-loop level.
For the center and right diagrams, there are two kinds of contributions coming from right and left
chiralities of the internal fermions. In other words, these two contributions to the neutrino masses
come from the masses or momenta of the F' propagators in the loop respectively. The neutrino
mass generation can be understood as follows. Due to the global U(1) symmetry breaking by the
VEV of ¥, the mixing between 7, x° and XOI occurs. Then since the global U(1) symmetry is
correlated with the lepton number conservation, the U(1) symmetry breaking implies breaking of
the lepton number. Thus the neutrino Majorana mass term is generated after the U(1) symmetry
breaking.

The neutrino mass matrix computed above can be diagonalized by the Pontecorvo-Maki-
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FIG. 2: Numerical calculation of the loop functions where the other masses are fixed as Mp, = Mg, = 1.5
TeV and mp,, = m;, = 1.2 TeV which are typical sample points to discuss DM and leptogenesis as we will

see below.

Nakagawa-Sakata matrix Upyng [76]; UgMNS(m,,)UpMNS = diag(my,, my,, my,). The neutrino
masses and their mixing angles are measured by experiments [77], and these values depend on

normal or inverted mass hierarchy. In our model, the order of magnitude of the neutrino masses

4

can roughly be estimated as m, ~ y%YzOmiXIbOpv’ where Y is the dominant Yukawa coupling in
YNy YNy s yj\,x, y?vva Omix represents the mixing matrix of O, O, and Ij,0p is the loop function.
Thus one can find that the order of y??Y2 ~ 1078 is required to obtain the experimental value
m, ~ 0.1 eV with the typical assumed mixing angle Opix ~ 1072, Tioop ~ 0.1 and v ~ 107 GeV.
Note that the neutrino mass matrix should be proportional to the VEV ¢’ since v is the origin of
the lepton number violation.

We numerically compute the loop functions with the public code SecDec [78] in order to evaluate
the neutrino masses more precisely in this model. Here one should note that the loop functions
I?Eg&m ) and Iélj.f(k 1)%A In) include a divergence. This is obvious from the definition of the loop
functions in Eq. (I1.20) and (II.21). However the divergent terms eventually cancel out with
each other as follows. The loop functions can be regularized with dimensional regularization and
expanded around dimension d = 4 which can be done within SecDec. With a brief evaluation, one
can see that the terms including divergences are independent on at least either of m or n which is the

JlRUV

index of the scalar mass eigenvalues. Thus the loop function including a divergence I; JL(BoI,) €A1

be written as 1. ég%({gm L) = 1 ég’;}f]m +1 égljﬁgj) +1 églj);(]}i :)3 Taking into account this fact and the

orthogonality of the mixing matrices OF and O! which means >, OF Of =% 0Ol 0! =g,

mm~jm mm~jm



one can see that the first two terms Iég’;)LUVI nd Iég%{m) vanish after taking the summation
over n. Moreover the remaining third divergent term also cancels after all the relevant terms are
summed in Eq. (I1.15) and (I1.16) as
ifk) UV R AR 7lifk)UV3 I (ik)UV3 R (ijk)UV3 I A1 (ijk)UV3
ZISR/L (mn) — Z [O2n03nI3R/L(Rn) + O2n03nI3R/L( I,) 02n03n13R/L( Ry) O2n03nI3R/L(]n)
n
= 0. (1I1.22)
Thus the divergent terms do not contribute to the neutrino masses. The numerical value of the
loop functions are almost fixed by the maximum mass in Mp,, M NX;» MFE,, mg, and my,, and
the result obtained by using SecDec is shown in Fig. 2.4 The numerical calculation shows that the
loop function Ié L 123 ) coming from the right diagram in Fig. 1 gives a dominant contribution to

the neutrino masses.

C. LFV processes

We should take into account lepton flavor violations (LFVs) such as u — e7y, which typically
provide strong constraints on radiative neutrino mass models. In our case, such processes arise
through only the y, term, and analyses are very similar with the case of the Ma model [79], and
the Yukawa couplings yny, Yny/» y?vx, y§VX, are not constrained by the LFV processes at least at
one-loop level. Among the LF'V processes, we focus on the one-loop induced u — ey that gives the
most stringent constraint on y, and the mediating particles F' and ™. The resulting formula for

i — ey and its experimental bound [80] are given by

3 2
3em * _
BI‘(M — 6’)/) = m Z(yn)ﬂ(yn)l2F2(£l) S 5.7 x 10 13, (1123)
FE =1
. 1— 66 426} +3¢ — 66 Ing;
with  Fy(&;) = T , (I.24)

where Gg = 1.17 x 107% GeV~? is the Fermi constant, & = Ml%i/mgi and qey = €2/(471) ~ 1/137
is the electromagnetic fine structure constant. The simplest way to avoid this constraint is to
assume y, to be diagonal, since its formula is proportional to the off-diagonal elements of y,, as
one can see in Eq. (I1.23). In this case we expect the neutrino mixings can be derived through
the other Yukawa couplings yny, yny/, yﬁvx, y?vx,. Otherwise the parameters are constrained as
yn S 0.01 and m,= 2 200 GeV. For instance, with the values y, = 0.01, m,+ = 200 GeV and

F»(&;) = 1/6, the maximum branching ratio is found to be Br(u — ey) ~ 1.4 x 10713,

4 At most 1% error is included in the numerical calculation.



Since we take y, < 0(0.01) for the LFV constraint and O(1) TeV of the new particle masses

in the loop, the other Yukawa couplings yny, ¥ny/» y?vx, yj\,x, should be roughly larger than 1072
in order to obtain the scale of the observed neutrino mass m, ~ 0.1 eV assuming Opmix ~ 1072 as

discussed in the previous section.

D. Goldstone Boson

Here we mention some issues on the GB. Due to the direct consequence of our global U(1)
symmetry, the GB remains as a physical state, which could be constrained by some experiments. In
our case, the constraint comes from the invisible decay of the SM Higgs boson, and its decay width
can be computed with the coupling given in Eq. (IL1.9) to be I'(h — GG) = mj sin® a/(32m0"?).
This decay width should be smaller than 1.2 MeV at 95% confidential level [81], and thus we get

sin « 1 TeV
<
() (1) < o iz

Moreover, sin « itself is constrained by the latest LHC searches by ATLAS and CMS to be (con-

the constraint

servatively) sina < 0.2 [82]. Therefore the above constraint is translated to the constraint on the
VEV as v/ > 800 GeV. However since we take v/ ~ 107 GeV for successful leptogenesis, this bound
is easily satisfied in our case.

Another bound comes from the Supernova 1987A observations and simulations, which tell us

the following relation [83]:

2
Mos| < 0.011 ( i )

500 MeV (I1.26)

This bound also does not affect to our model seriously, since both my and Apy are taken to be

free values of physical parameters.

III. DARK MATTER

We have two DM candidates which are the lightest fermion F} and the lightest mass eigenstate
of the scalars (1, x0, X(,)r- These DM candidates can be stabilized by the accidental Zy symmetry
but not a remnant symmetry of the global U(1) symmetry. This accidental Zg symmetry could be
understood as a kind of the accidental symmetry which has been discussed for gauged U(1)p_y, in

Ref. [84].

10
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FIG. 3: Diagrams of the DM annihilations where DM is identified as the lightest scalar mass eigenstate.

For the fermionic DM candidate F}, the relevant coupling for DM annihilations is only the
Yukawa coupling y,, and the required strength of the Yukawa coupling is O(1) for the DM mass
above the electroweak scale in order to accommodate the observed DM relic density. On the other
hand, small coupling y,, < O(0.01) is needed to evade the LE'V constraint as has been discussed in
the previous section. Thus the fermionic DM candidate Fy conflicts with the LFV constraint.’

Therefore we identify the lightest mass eigenstate of the scalars as a DM candidate. The mixing
angles among (1, x0, X()r are induced by the scalar couplings A, A, \”, and the magnitude of the
mixing angles should roughly be Opix ~ 1072 in order to reproduce the measured neutrino masses
without conflict with the u — ey process as discussed in the previous section. This order of the
magnitude of the mixing angles can be achieved with the parameter setting given in Sec. IT A.
Since the full scalar potential given by Eq. (I1.2) is rather complicated, we take into account only
A NS N Xe, Aox, Ax and Ay, for simplicity. Since the required order of the magnitude of the
couplings A\, X, M, A\gs:, Ay, is very small, they would not affect to the computation of the DM relic
density and detection probability. However the coupling Agy is important to induce the mixing
angle sinc, and Mg, is responsible for direct detection of DM since this coupling generates the

dominant contribution to the elastic scattering with nuclei mediated by the SM-like Higgs boson

5 Although the LFV constraint may be satisfied by considering a diagonal Yukawa matrix or specific flavor structure,
we do not discuss this case.

11



10!

100 ¢

Ay

10 ' E

XENONIT prospect XENONIT prostect
X excluded P LUX excluded
102 : PLANCK 30 CL 102 P . PLANCK 30 CL
102 103 104 10% 103 104

mpum [GeV] mpm [GeV]

FIG. 4: Numerical results in the (Ag,, mpm) plane for (7%, x°, x°") & non-degenerate case (left plot) and

degenerate case (right plot), where the parameters are fixed to be my = 2 TeV and sina = 0.1.

The diagrams of the DM annihilations are shown in Fig. 3. The DM couplings in the scalar
potential are basically weak in our parameter setting. However since the scalar DM candidate
includes the SU(2); doublet inert scalar nr, DM can annihilate into the gauge bosons via the
gauge interactions in order to satisfy the observed DM relic density if the inert doublet scalar
component of the DM candidate is sufficiently large. This can be achieved with a smaller (M3)11
compared to (M%)22 and (M3)s3 in Eq. (IL.6), and we consider such a case. In this case, the
annihilation channels in the first line in Fig. 3 become dominant processes to determine the DM
relic density.

The DM relic density can be evaluated by using micrOMEGAs [85] and the results are shown
in the (Aey, mpwm) plane in Fig. 4 where the heavier CP-even Higgs boson mass is taken to be
mpy = 2 TeV and the mixing angle is sina = 0.1 as an example. Here we take the negative
values of the scalar couplings A, X', \”. If the scalar couplings are positive, the lightest scalar in
the imaginary components becomes DM candidate instead of the real components. The left plot
shows the case that the masses of the other two heavier mass eigenstates are twice of the DM mass
(lightest state), and the right plot shows the case that the heavier states are degenerate with the
DM state. The red colored band represents the region satisfying the observed DM relic density
by PLANCK within 30 confidence level [86]. The blue region is excluded by the direct detection
experiment LUX [87], and the green region is expected to be tested by the future direct detection
experiment XENONI1T [88]. From these plots, one can see that when the lightest DM state is non-

degenerate with the other heavier states, DM is close to the inert doublet DM (left plot), because
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there is the mass threshold mpy &~ 530 GeV for the left plot in Fig. 4, which is the same property
of the inert doublet DM [89]. As well-known, the inert doublet scalar DM candidate can satisfy the
observed relic density in the mass ranges of mpy ~ 60 GeV and mpy 2 530 GeV. On the other
hand, the mass threshold can be lower as mpy ~ 250 GeV if x¥ and XO/ are degenerate with DM as
one can see from the right plot in Fig. 4. This is because the interactions of the singlets x" and XO/
are described by the scalar potential, and extremely limited in the case of the simplified potential.
There is a small resonance feature at mpy ~ 1 TeV due to the channel DMDM — H* — SMSM,

however the resonance is not strong because of the small mixing angle sin o = 0.1.

IV. RESONANT LEPTOGENESIS

We consider the thermal leptogenesis in this model [90]. The lepton number asymmetry is
expected to be generated through the out-of-equilibrium decay of the lightest Majorana fermions
Ni and Xi, if we impose the lepton number of F' as —1. Although the Yukawa coupling vy, is
required to be smaller than O(0.01) from the LFV constraint, this is large enough that F' and
the SM leptons are in the thermal equilibrium. Thus, the generated lepton number asymmetry in
the F' sector can instantaneously be converted into the SM leptons, and then the baryon number
asymmetry can be generated through sphaleron process.

After the global U(1) symmetry breaking, the Yukawa interactions for Majorana fermions are
written as

LD F(Yn,Pr + Yy, Pr)N{x* + F(Yx, P + Yy, Pr) X{X*
+ F(Yn, PL + Yy, Pr)N;X' + F°(Yx, P + Y, Pr) XX -
+ F(Yy, Pr + Y, Pr)N{x"™ + F(Yx, P + Yx, Pr) X{X"" e
+ F(YN, P+ YN, Pr)Nix + F(Yx, Py 4+ Yx,Pr)X|X,
where N/ and X/ are expressed as the mass eigenstates of each Majorana fermion. Hereafter, we

abbreviate them to INV; and X; for convenience. The Yukawa couplings are redefined as

* / / :
YN;x = Ynyy €080i, Y\ = yp,, Sinb;,
* : !/ /
Yx,;x = —Un,y sinbi, Yx,, = vx,, cosb,
(IV.2)
* : !/ /
YN = U,y sinbi, Yo = yp,, cos b,

* ! / .
Y, = yx,y cosbi, Yx. 0 = —yx, s sinb;,

where 6; is the mixing angle of the i-th generation.
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A F A

FIG. 5: Lepton number violating decay and scattering processes for leptogenesis where A and A’ represent

the new scalar singlets, x° or x°" and I; (i=1-2)is N; or X;

In this model, we consider that the TeV scale masses of Majorana fermions and v’ ~ 107 GeV
so that the annihilation channels N1 N7, X1 X7 — GG are decoupled from the thermal bath before
the temperature of the universe T' ~ 10 TeV. Otherwise the generated lepton asymmetry would
be washed out by these lepton number violating processes.

Although the TeV scale of the masses seems to be too small to realize the sufficient C' P asymme-
try associated with the decay processes for the generation of the required baryon number asymme-
try, the generated baryon asymmetry can be enhanced by the resonance effect as known in resonant
leptogenesis [91, 92, 93, 94, 95, 96, 97, 98, 99]. We define the parameter € as the amplitude of the
CP asymmetry. The dominant contribution for the C'P asymmetry comes from the interference
between the tree diagram and the one-loop self-energy diagram as depicted in the upper line in
Fig. 5 and its formula is given by

(M7 — M} )Mp,T,
(M7, — M3)* + METE,)’

€ X (IV.3)

where Mj, and I'j, are the mass and the decay rate of I; (I = N or X) respectively. From this
equation, the maximum enhancement is caused when MI21 — ]\4122 = M, I'r,. In this model, we can
take a larger I';, compared to that of the second lightest right-handed neutrino in the canonical
resonant leptogenesis at TeV scale, since the Yukawa couplings can be large without conflicting
with the observed neutrino masses due to the loop suppression. Thus, the required magnitude of
the degeneracy of the Majorana fermion mass can be quite milder to generate the sufficient baryon
number asymmetry than those in the usual resonant leptogenesis at TeV scale [73, 100]. One may

think that the baryon asymmetry should be correlated with the VEV of the singlet scalar 3 since
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the B — L breaking occurs with only v/. Indeed this B — L breaking effect is included in the
total mass matrix of IV;, X; and the active neutrinos v;. For example, the B — L violating Dirac
mass term between v; and Xj is induced at one-loop level as can be seen from the left diagram
in Fig. 1. Thus the effect of the B — L breaking is included in the masses of V; and X;, and one
can understand that the baryon asymmetry is generated through the breaking effect in the mass
matrix.

We need to take into account washout effects to evaluate the baryon number asymmetry. The
generated lepton number asymmetry could be washed out through the lepton number violating
2-2 scattering processes and the inverse decay of I;. However, if the relevant Yukawa couplings are
small enough, these processes can be nearly decoupled before the temperature of the thermal plasma
decreases to T < My, . Thus, the washout of the generated lepton number asymmetry is expected
to be suppressed sufficiently in this period. In order to examine this quantitatively, we numerically
solve the coupled Boltzmann equations for the number density of N;, X; and the lepton number
asymmetry. We introduce the number density of N1, X; and the lepton number asymmetry in
the comoving volume as Yy, = nn, /s, Yx, = nx,/s and Yr = (np — njp)/s respectively, by using
the entropy density s and the number densities which are expressed by ny,, nx,, nr and ng.

45

Their equilibrium values are given by Y4 = Sy 22K5(z), where z is defined by z = My, /T, g.

is the number of relativistic degrees of freedom and Ks(z) is the modified Bessel function of the
second kind with the order 2. Since we assume Yp is immediately translated into the SM leptons
as we mentioned above, we use the relation B = %(B — L) which is derived from the chemical
equilibrium condition in this model, and the baryon number asymmetry Yp in the present Universe
is estimated as Yp = —%YF(ZEW), where zgw = My, /Tew is related to the sphaleron decoupling
temperature Tgw.

The coupled Boltzmann equations for the leptogenesis in our model are written as [101]

dYNl Z }/]\/'1 D
- -1 V.4
dz sH (Y]@q TN (IV.4)
1
dYX1 VA YX1 D
- -1 IV.
dz sH (Y;g X (IV.5)

dYrp z Yn D Yx D
o SH{EN (yﬁ} 1) ey oo

2YFp N; X,
T ye Z - 4 X Z (YFaFa + VFFAA')] }, (IV.6)
Eol AN
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where ’y}? is defined by

MPT (M,
S — g} <1> e, (IV.7)

2
with the modified Bessel function of the second kind K(z) with the order 1, v4; is the reaction

density for the scattering process ab <> 15 which is given by

T

Yabij = W

/ " ds s (5) VA (‘f) , (IV.8)

$min
with Smin = max [(mq + myp)?, (m; +m;)?] and the reduced cross section 64;j(s). There are two
kinds of the processes FA < FA’ and FF < AA’ for the scattering processes as depicted in
the bottom line of Fig. 5. The reduced cross section in our model is rather complicated since
a lot of particles exist, but can be straightforwardly computed from the Lagrangian as same as
Ref. [102, 103]. We solve the coupled Boltzmann equations numerically.

The decay of the lightest Majorana fermions should be out of thermal equilibrium so that
the lepton number asymmetry can be generated through their decays. If we express the Hubble
parameter as H, this condition is given by H > I'y, at T' ~ M. Since we assume that each of
the Majorana fermion mass is My, =5 TeV, My, = My, (1 +0M) and My, = 6 TeV, the Yukawa
couplings of N1 and X should be O(10~%). On the other hand, the rest of the Yukawa couplings
should be O(1072) in order to generate the appropriate neutrino masses. Here we set Yukawa
couplings in Eq. (IV.2) to be yy,,, = 1.5 x 107® and yy, ,, = 1072 and 6; = 5. We show the result
for 6M = 1073 in Fig. 6 as an example, and also the generated baryon number asymmetry for each
value of M and M, in Fig. 7. Through this analysis, the masses of F, x and x’ are fixed to be
Mp = 1.5 TeV and M, = M, = 1.2 TeV respectively. These parameter set satisfies the condition
for the DM phenomenology we discussed in the previous section.

From the left panel in Fig. 6, we can see that the required baryon number asymmetry Yz can
be obtained in this model. In the right panel, we plot the behavior of the relevant reaction rate
for each process. This panel shows that the reaction rates of the inverse decay process and the
lepton number-violating process induced by the s-channel I; exchange are quite large for a long
time. Thus the baryon number asymmetry cannot be generated quickly until rather a late period.
After T ~ M, , the generated baryon number asymmetry gradually increases and then the required
value can be realized. This is because these processes are suppressed by the Boltzmann factor.

We show the relation between the generated baryon number asymmetry and the mass degen-
eracy of Majorana fermions in Fig. 7. Notice here that the generated baryon number asymmetry

is always smaller than the required value in the case My, ~ 3 TeV. In this model, we can realize
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FIG. 6: Left panel: Evolution of Yp, Yu, and Yx, where the horizontal black dashed line represents the
required value of the baryon number asymmetry. Right panel: Reaction rates I'/H of the processes that

have crucial effects for the baryon number asymmetry.
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FIG. 7: M dependence of the generated baryon number asymmetry Yz with the different value of My, .
The value of M7y, is fixed to 3 TeV, 4 TeV and 5 TeV respectively.

the large Yukawa couplings to explain the small neutrino mass due to the two-loop effects and
then I'7, becomes larger compared to tree and one-loop neutrino mass models. Thus, the required
mass degeneracy can be milder. However, the large Yukawa couplings cause the large washout
effects. Since the Boltzmann suppression does not work well in the case of small My, , the large
washout effects remain until quite a late period compared to the heavier cases. Thus the most of
the generated baryon number asymmetry is washed out. We find that the observed baryon number
asymmetry can be generated when the mass degeneracy is 6M = (1073 — 1072) for M;, = 4 —5

TeV, as can be seen in Fig. 7. As we mentioned above, the magnitude of this mass degeneracy is
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quite milder than the canonical seesaw case for each value of My, due to the loop effects.®

V. CONCLUSIONS

We have studied a two-loop induced radiative neutrino model at TeV scale with a U(1) global
symmetry, in which two types of DM candidates (the lightest one of fermion or scalar) can be
involved. The loop-induced neutrino masses have been evaluated appropriately and phenomenology
of DM has also been discussed. The fermionic DM candidate is disfavored if we reproduce the
measured neutrino masses and take into account the constraint from LFV with the same order of
all the elements of y,. Then we have found that the scalar can be a good DM candidate which
satisfies the observed relic density and the DM direct detection bound. We also found that the
direct detection rate of DM is controlled by the coupling g, and some parameter region can be
testable by the next future direct detection experiment XENONIT.

We have discussed baryon number asymmetry through the resonant leptogenesis with multi-
sources scenario, in which the large Yukawa couplings (that is required to compensate the tiny
neutrino masses at two-loop level) make the large C'P asymmetry, but also cause the large washout
effects. We have shown that the required baryon number asymmetry can be obtained for the
parameter region i.e., SM = (1073 — 1072) for M;, =4 — 5 TeV, where I = N or X. In this case,
the lightest Majorana fermions should satisfy M, 2 3 TeV to suppress the washout effects by the
Boltzmann factor. For larger My, , the required magnitude of the mass degeneracy is rather milder

than the canonical seesaw case even at TeV scale models.
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