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Figure 8.4: RG evolution of scalar and gaugino mass parameters in the MSSM with MSUGRA boundary
conditions imposed atQ0 = 2×1016 GeV. The parameterµ2+ m2

Hu
runs negative, provoking electroweak

symmetry breaking.

family squarks and sleptons are nearly degenerate with those of the Þrst family, and so are not shown.)
Variations in the model parameters have important and predictable effects. For example, taking larger
values of tan! with other model parameters held Þxed will usually tend to lower b̃1 and "̃1 masses
compared to those of the other sparticles. Taking largerm2

0 will tend to squeeze together the spectrum
of squarks and sleptons and move them all higher compared to the neutralinos, charginos and gluino.
This is illustrated in Figure 8.5(b), which has m2

0 ≫ m2
1/2. [The MSUGRA parameters used to make

this graph were m1/2 = −A0 = 320 GeV, m0 = 3200 GeV, tan ! = 10, µ > 0.] In this model, the
heaviest chargino and neutralino are wino-like.

The third sample sketch, in Þg. 8.5(c), is obtained from a typical minimal GMSB model, with
N5 = 1 [and boundary conditions as in eq. (7.7.21) withΛ = 150 TeV, tan ! = 15, and sign(µ)= + at
a scaleQ0 = Mmess = 300 TeV for the illustration]. Here we see that the hierarchy between strongly
interacting sparticles and weakly interacting ones is quite large. Changing the messenger scale orΛ
does not reduce the relative splitting between squark and slepton masses, because there is no analog
of the universal m2

0 contribution here. Increasing the number of messenger Þelds tends to decrease the
squark and slepton masses relative to the gaugino masses, but still keeps the hierarchy between squark
and slepton masses intact. In the model shown, the LSP is the nearly massless gravitino and the NLSP
is a bino-like neutralino, but for larger number of messenger Þelds it could be either a stau, or else
co-NLSPs ÷"1, ÷eL, ÷µL, depending on the choice of tan! .

The fourth sample sketch, in Þg. 8.5(d), is of a typical GMSB model with a non-minimal messenger
sector,N5 = 3 [and boundary conditions as in eq. (7.7.21) withΛ = 60 TeV, tan ! = 15, and sign(µ)= +
at a scaleQ0 = Mmess = 120 TeV for the illustration]. Again the LSP is the nearly ma ssless gravitino,
but this time the NLSP is the lightest stau. The heaviest superpartner is the gluino, and the heaviest
chargino and neutralino are wino-like.

It would be a mistake to rely too heavily on speciÞc scenariosfor the MSSM mass and mixing
spectrum, and the above illustrations are only a tiny fraction of the available possibilities. However,
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FIG. 1: The straight line stands for the critical line which satisÞed the condition, ! c/T c = 1. The

dashed lines are the deviation of hhh coupling from the SM value, where! " THDM
hhh ! " e!

hhh (THDM) "

" e!
hhh (SM).

sphaleron process should be sufficiently suppressed. The most reliable condition has been

obtained from the lattice simulation study [20]. It is expressed as

ϕc

Tc
=

2E
λTc

># 1. (13)

For mh = 120 GeV, this condition can be satisÞed when the masses of the heavy Higgs

bosons are above 200 GeV. We can see from Eq. (4) that the correction to the hhh coupling

can be large in such a parameter region. Although the high temperature expansion gives

a qualitative description of the phase transition, the approximation breaks down when the

masses of the heavy Higgs bosons become larger than the critical temperature. We there-

fore evaluate the effective potential numerically and search the parameter space where the

condition (13) is satisÞed.

In Fig. 1, we show the parameter region where the necessary condition of the electroweak

baryogenesis in Eq. (13) is satisÞed in them" -M plane. We take sin(α " β) = " 1, tanβ = 1

and mh = 120 GeV. For the heavy Higgs boson mass, we assumemH = mA = mH ± (! m" )

to avoid the constraint on theρ parameter from the LEP precision data [21]. In the numer-

ical evaluation, we take into account the ring summation forthe contribution of the Higgs

bosons to the effective potential at Þnite temperature [18, 22]. For Þxed values ofm" and

M , we calculate the effective potential (6) varying the temperature T and determine the
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FIG. 3: vC and TC vs. λ2 with X t/ ÷M ÷q = 0 .6. The other
input parameters are the same as in the Fig. 2. The sphaleron
decoupling condition (21) can be satisÞed for λ2 >! 1.6.
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FIG. 4: vC and TC vs. λ2 with X t/ ÷M ÷q = 2 .0. The other
input parameters are the same as in the Fig. 2. The sphaleron
decoupling condition (21) can be satisÞed for λ2 >! 1.8.

¥ According to a study of the sphaleron decoupling
condition in the MSSM, it is found that ! ! 1.4 [13]
which is 40% stronger than one we impose in our
analysis. The similar value may be obtained in this
model as well. It should be emphasized, however,
that even if we take ! = 1.4 for the sphaleron de-
coupling condition, a feasible region exists for the
relatively large " 2, for example, " 2 >" 2.2 even in
the heavy h case. The cuto! scale " is rather low in
this case but still it is around the multi-TeV scale.

¥ In this model, the light stop scenario is one of the
options for the successful electroweak baryogenesis.
Same as the scenario in the MSSM, the strength
of the first order EWPT can get enhanced if the
(almost) right-handed stop is lighter than the top
quark, enlarging the possible region.

¥ Similar to the usual MSSM baryogenesis scenario,
the charginos and/or the neutralinos can play an
essential role in generating the CP violating sources
as needed for the bias of the chiral charge densities
around the Higgs bubble walls. In addition to this,
the Z2 odd charginos !#!±

1,2 may also do the job for
the successful baryogenesis.

¥ Since A1,2 and " 1,2µΩ are small in our parameter
choices, the charge breaking does not occur at the
tree level. In addition, the Z2 symmetry is not
broken spontaneously at the tree level, because m̄2

3,
m̄2

4 and B !µ! we take here satisfy Eq. (7). The
potential analysis beyond the tree level is out of
scope in this Letter. It will be our future task.

¥ If the Z2 symmetry is exact and unbroken after
the electroweak symmetry breaking, the lightest
Z2 odd particle in our model can be a candidate
of cold dark matter if it is electrically neutral, in
addition to the lightest supersymmetric particle. If
one of the extra neutral scalar bosons is the lightest
Z2 field, its phenomenological property and exper-
imental constraints would be similar to those for
the supersymmetric extension of the inert doublet
model [30]. A neutralino from the extra doublets
may also be a candidate for dark matter.

¥ Finally, we comment on the phenomenological pre-
dictions of this model. First of all, the nonde-
coupling e! ect of the extra Z2 odd charged scalar
bosons on the finite temperature e! ective potential
is an essentially important feature of our scenario
in order to realize strong first order phase tran-
sition. The same physics a! ects the triple Higgs
boson coupling with a large deviation from the SM
(MSSM) prediction as discussed in Ref. [8], Such
deviation in the triple Higgs boson coupling can be
15-70 % [9, 19], and we expect that they can be
measured at the future linear collider such as the
ILC or the CLIC. Second, in our model, in order to
realize the nondecoupling e! ect large, the invariant
parameters µ! and µΩ are taken to be small. Conse-
quently, the masses of extra charginos are relatively
as light as 100-300 GeV.

V. CONCLUSIONS

We have discussed the one-loop e! ect of new charged
scalar bosons on the Higgs potential at finite tempera-
tures in the supersymmetric standard model with four
Higgs doublet chiral superfields as well as a pair of
charged singlet chiral superfields. We have found that
the nondecoupling loop e! ects of additional charged
scalar bosons can make first order EWPT strong enough
to realize successful electroweak baryogenesis. We,
therefore, conclude that this model can be a new good
candidate for a successful model where the baryon
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Table 3: The input parameters for the benchmark scenario. In the list, øm2

! i
= m2

! i
+ |µi |2 are taken as input

parameters, whereµi = µ! for ! i = ! u , ! d, and µi = µ" for ! i = " + , " ! , " , #.

! , tan " , and µ-terms

! = 1.8 (! H = 5 TeV) tan " = 15 µ = 250 GeV µ! = 550 GeV µ" = ! 550 GeV

Z2-even Higgs sector

mh = 126 GeV mH ± = 990 GeV m2
N = (1050 GeV)2 AN = 2900 GeV

Z2-odd Higgs sector

øm2
! u

= øm2
" !

= (175 GeV)2 øm2
! d

= øm2
" +

= øm2
! = (1500 GeV)2 øm2

" = (2000 GeV)2

B! = B" = A! = A" = A" + = A" ! = m2
!" = 0 B 2

! = (1400 GeV)2 B 2
" = (700 GeV)2

RH neutrino and RH sneutrino sector

m#R = 63 GeV m÷#R = 65 GeV # = 0.9

yN = (3 .28i, 6.70i, 1.72i ) " 10! 6 hN = (0 , 0.227, 0.0204)

Other SUSY SM parameters

m ÷W = 500 GeV m÷q = m÷$ = 5 TeV

the scalar component of$ and the charged scalar component of" u. However, for the latter
case, the LFV constraint is too severe to avoid the present upper bound on B(µ # e%) if
only one RH neutrino is introduced. In the benchmark scenario, we take the Þrst possibility.
Therefore, the 1stOPT is enhanced as&c/T c = 1.3 by the non-decoupling loop contributions
of the two charged scalar particles" !

1 and " !
2 , whose main components come from the

scalar components of (" +
u )" and # ! , respectively. In this case, the masses of these scalar

particles are mainly determined by the vev contributions instead of their soft breaking mass
parameters.

The non-decoupling e$ects of the loop contributions by" ±
1 and " ±

2 simultaneously a$ect
the predictions on both the branching ratio ofh # %%process and the triple Higgs boson
coupling constant! hhh [9]. One can Þnd the minus 20% deviation on B(h # %%) from the
SM prediction. At the present, the LHC data with

$
s = 7 TeV and

$
s = 8 TeV have

determined the B(h # %%) with 50% accuracy[34], and the accuracy will be improved to
10% at the HL-LHC with the luminosity of 3000fb! 1[31]. Therefore the model can be tested
by measuring the branching ratio ofh # %%at the HL-LHC. As for the ! hhh , the plus 20%
deviation from the SM prediction is predicted, and it is testable at the ILC with

$
s = 1 TeV

with the luminosity of 2.5 ab! 1 where the! hhh is measured with 13% accuracy[32].
Two Þnite mass eigenvalues can be obtained with only one RH neutrino. In the bench-

mark scenario, the solar neutrino mass di$erence is mainly induced by the one-loop contri-
bution shown in Fig. 1-(I), and the atmospheric neutrino mass di$erence is dominated by
the three-loop contributions shown in Fig. 1-(II). As shown in Table 4, the predicted mass

10
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Table 4: Predictions of the benchmark points given in Table 3.

Non-decoupling e! ects

! c/T c = 1.3 " hhh / " hhh |SM = 1.2 B(h ! ##)/ B(h ! ##)|SM = 0.78

Neutrino masses and the mixing angles

(m1, m2, m3) = (0 , 0.0084 eV, 0.0050 eV) sin2 $12 = 0.32 sin2 $23 = 0.50 | sin$13| = 0.14

LFV processes

B(µ ! e#) = 3 .6 " 10! 13 B(µ ! eee) = 5 .6 " 10! 16

Relic abundance of the DM

" ! R h2 = 0.055 " ÷! R h2 = 0.065 " DM h2 = " ! R h2 + " ÷! R h2 = 0.12

Spin-independent DM-proton scattering cross sections

%SI
! R

= 3.1 " 10! 46 cm2 %SI
÷! R

= 7.7 " 10! 47 cm2 %SI
DM = 1.1 " 10! 46 cm2

eigenvalues and the mixing angles are consistent with their allowed region which is obtained
from the global Þtting analysis of the neutrino oscillation data as[35]

2.28" 10! 3 eV2 < |m2
3 # m2

1| < 2.70" 10! 3 eV2 ,

7.0 " 10! 5 eV2 < m 2
2 # m2

1 < 8.1 " 10! 5eV2,

0.27 < sin2 $12 < 0.34 , 0.34 < sin2 $23 < 0.67 , 0.016< sin2 $13 < 0.030. (11)

The light neutrino mass pattern in our benchmark is the normal hierarchy (m1 < m 2 < m 3).
It is di # cult to reproduce the inverted hierarchical pattern (m3 < m 1 < m 2) with satisfying
the LFV constraint when only one RH neutrino is introduced.

The experimental upper bound on the branching ratio B(µ ! e#) gives a severe con-
straint on the parameter space. In the benchmark scenario, though the contribution to the
µ ! e# process is suppressed to some extent by takingh1

N = 0, the predicted value of the
branching ratio of µ ! e# as B(µ ! e#) = 3 .6" 10! 13 is just below the present upper limit
such as B(µ ! e#) $ 5.7 " 10! 13, which is given by the MEG experiment[28]. The box
diagram contribution to µ ! eeein the benchmark scenario is negligible compared to the
penguin and dipole contributions because ofh1

N = 0. Therefore, the predicted branching
ratio of µ ! eeeeasily satisÞes the experimental upper limit such as B(µ ! eee) $ 10! 12[36].

There are three DM candidates in our model;i.e., the lightest particles with the parity
assignments of (+, # ), (# , +), and ( # , # ) for the (Z2-parity , R-parity). In our benchmark
scenario, the lightest (+, # ), (# , +), and ( # , # ) particles are identical to the lightestZ2-even
neutralino, the RH neutrino and the RH sneutrino, respectively. One may consider another
possibility for the lightest (# , +) and (+ , # ) particles such as$ 1 and ÷$ 1. However, di! erent
from the RH neutrino and RH sneutrino, the otherZ2-odd particle have gauge interactions

11
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Table 5: The deviations in the coupling constants from the SM predictions in the benchmark scenario.

! W ! Z ! u ! d ! ! ! " " hhh / " SM
hhh

0.990 0.990 0.990 0.978 0.978 0.88 1.2

the Planck mass. In the thermal averaged cross sections!#v", the cross sections##, #÷#, ##÷#,
and #÷## are relevant to the processes such as$R$R # XX (X denotes a generic SM fermion
particles.), ÷$R ÷$R # XX , $R$R # ÷$R ÷$R and ÷$R ÷$R # $R$R, respectively. In this benchmark
scenario,##÷# is kinematically suppressed. The relic densities of the RH neutrino and the
RH sneutrino are evaluated from the frozen out values ofY and ÷Y as

! #R h2 = 2.74$ 108
! m#R

1GeV

"
Y , ! ÷#R h2 = 2.74$ 108

! m÷#R

1GeV

"
÷Y . (14)

The numerical behaviour of the thermal relic abundance of the RH neutrino and the RH
sneutrino in the benchmark scenario is shown in Fig. 5-(b).

6. Discussion

For electroweak baryogenesis, we have focused on the strong 1stOPT which is one of the
necessary conditions for successful baryogenesis. Towards a complete analysis of generation
of the BAU, the CP violating phases should also be taken into account. Since it is known
that the CP violation in the SM is not enough for the successful baryogenesis[39], new CP
violating source is required to be introduced. In the SUSY model, several new CP violating
phases can be introduced, some of which can contribute to the baryogenesis[40]. With such
CP phases, the BAU in the electroweak baryogenesis scenario is numerically evaluated in the
MSSM[41]. In our model, by introducing CP phase to the model in the similar way to the
case of the MSSM, we expect to reproduce the measured amount of the BAU, if the 1stOPT
is strong enough. However, it should be carefully checked if introducing such a CP phase
does not conßict with the experimental constraints as the bounds on the neutron electric
dipole moment and so on[41]. The complete analysis for getting the BAU in our model will
be performed elsewhere.

Let us discuss the testability of our model. In the benchmark scenario,Z2-odd scalarsH1

and A1 are rather light asmH 1 = 438 GeV andmA 1 = 422 GeV. Such masses for tan%= 15
can be easily searched at the LHC with

%
s = 14 TeV[42]. When they are discovered, they

may look like the heavy Higgs and the CP-odd Higgs in the MSSM or the two Higgs doublet
model. On the other hand, theZ2-even charged Higgs is not degenerate to theH1 and A1 in
the benchmark scenario asmH ± = 990 GeV. This mass spectrum is quite di" erent from the
MSSM in which it is known a mass relation is satisÞedm2

H ± = m2
A + m2

W for the charged
Higgs massmH ± and the CP-odd Higgs massmA . Therefore our model can be distinguished
from the MSSM. In addition, their property will be precisely measured at the ILC with%

s = 1 TeV. Both H1 and A1 in the benchmark scenario are mixture of the doublet and the

15
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Figure 2: Two-dimensional likelihood contours in the (! V, ! F) coupling plane, where! 2 ln ! = 2.3 and
! 2 ln ! = 6.0 correspond approximately to 68% CL (1" ) and 95% CL (2" ) respectively. The coupling
predictions in the MCHM4 and MCHM5 models are shown as parametric functions of the Higgs boson
compositeness parameter# = v2/ f 2. The two-dimensional likelihood contours are shown for reference
and should not be used to estimate the exclusion for the single parameter#.

5 Additional Electroweak Singlet

The simplest extension to the SM Higgs sector involves the addition of an EW singlet Þeld [25,30Ð35]
to the doublet Higgs Þeld of the SM, providing a possible answer to the dark matter problem. Both Þelds
acquire non-zero vacuum expectation values. Spontaneous symmetry breaking leads to mixing between
the singlet state and the surviving state of the doublet Þeld, resulting in two CP-even Higgs bosons,
whereh (H) denotes the lighter (heavier) of the pair. The two Higgs bosons,h andH, are assumed to be
non-degenerate. They couple to fermions and vector bosons in a similar way as the SM Higgs boson, but
each with a strength reduced by a common scale factor, denoted as! for h and! " for H. The constraint
of unitarity implies that:

! 2 + ! "2 = 1. (9)

In this model, the lighter Higgs bosonh is assumed to have identical production and decay modes to
those of the SM Higgs boson, but with rates modiÞed according to:

" h = ! 2 # " h,SM

" h = ! 2 # " h,SM

BRh,i = BRh,SM,i ,

(10)

where" denotes the production cross section," denotes the total decay width, BR denotes the branching
ratio, andi indexes the di#erent decay modes.

For the heavier Higgs bosonH, new decay modes such asH $ hhare possible if they are kinemati-
cally accessible. In this case, the production and decay rates of theH boson are modiÞed with respect to

ATLAS-Conf-2014-010
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FIG. 2: The di ! erential cross section ofe+ e! ! ! + ! ! ! µ! " + (+missing energy) as a function

of the angle between the outgoing muon and the beam axis in theZee-Babu model for
"

s = 1

TeV. The rate of µ! " + (+missing energy) from main background e+ e! ! W + W ! is also shown.

where underlined parts in the Þnal states are observed as missing energies.

The Zee-Babu model

In the Zee-Babu model, the decay branching pattern of! ± is determined by the relative

magnitudes of the coupling constantsf ij . As a reference scenario, we take a parameter set

m! = 300 GeV, mk = 1200 GeV, µ = 800 GeV,

f eµ = f e" = 0.013, f µ" = 0.027,

gee = 0.17, gµµ = 1.8, g"" = 0.0061, geµ = 5.7 # 10! 5, ge" = 0.011, gµ" = $ 0.081, (11)

which satisÞes the neutrino data for the normal mass hierarchy. In this scenario, the rate

in Þnal states"+ "! = e+ e! , e± µ" , e± #" , µ+ µ! , µ± #" , #+ #! is given by 2, 13, 13, 19, 36,

19, respectively. In Fig. 2, the di! erential cross sectiond$/d cos%µ for the signal e+ e! !

! + ! ! ! µ! #+ (+missing energy) is shown for
"

s = 1 TeV as a function of cos%µ, where%µ

is the angle between the outgoing muon and the beam axis. The main background comes

from the W pair production, which is also plotted. The angle cut (e.g. cos%µ < $ 0.5)

improves the ratio of the signal and the background.6

6 Although in this Letter we mainly discuss the case wheremk is at the TeV scale, we just comment on the

case of lighterk±± . In such case, the pair production ofk++ k!! can be a clear signature of this model,

whose signal is the like-sign dilepton pairs with opposite direction [3, 9].
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FIG. 1: Feynman diagrams for neutrino masses in the model by Zee-Babu [3] (left), that by Ma [5]

(center) and that in Ref. [6] (right).

duced, both of which carry the lepton number of two-unit, and their interactions are given

by

L int = f ab(Lci
aL L j

bL)! ij " + + g!
ab(#

c
aR#bR)k++ ! µ k++ " " " " + H .c., (2)

where LL is the left-handed lepton doublet and#R is the right-handed lepton singlet. The

matrices f ij and g!
ab are respectively an anti-symmetric and a symmetric couplings and the

lepton number is violated by the interaction with the parameterµ.

The neutrino mass matrix is generated at the two-loop level via the diagram in Fig. 1

(left);

M !
ij =

3!

k,"=1

"
1

16$2

# 2 4µ
m2

#
f ik (y"k gk"y"! )f "j v2I 1(m2

k/m 2
# ), (3)

whereyi [=
"

2mi /v (i = e, µ, %)] are the SM Yukawa coupling constants of charged leptons

with the massesmi and the VEV v (# 246 GeV),gij are deÞned asgii = g!
ii and gij = 2g!

ij

(i $= j ), m# and mk are masses of" ± and k±± , and

I 1(r ) = !
$ 1

0
dx

$ 1" x

0
dy

1
x + ( r ! 1)y + y2

ln
y(1 ! y)
x + ry

, (4)

where I 1(r ) takes the value of around 3 - 0.2 for 10" 2 <% r <% 102. The universal scale

of neutrino masses is determined by the two-loop suppression factor 1/ (16$2)2 and the

lepton number violating parameterµ. The charged lepton Yukawa coupling constantsy"i

(ye & yµ & y$ <% 10" 2) give an additional suppression factor. Thus, any off ij or gij can be

of O(1) when m# and mk are at the TeV scale. The ßavor structure of the mass matrix is

determined by the combination of the coupling constantsf ij and yi gij yj .
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Majorana nature in radiative seesaw models;i.e., the existence of TeV scale right-handed

Majorana neutrinos or that of lepton number violating interaction, would also be tested at

ILC.

A. Electron-positron collisions

In the pair production of charged scalar bosons at thee+ e! collision, which appear in

the radiative seesaw models (! + ! ! in the Zee-Babu model," + " ! in the Ma model, and

S+ S! (and H + H ! ) in the AKS model), there are diagrams of thet-channel exchange of

left-handed neutrinos or right-handed neutrinos in addition to the usual Drell-Yan types-

channel diagrams. The contribution of theset-channel diagrams is one of the discriminative

features of radiative seesaw models, and no such contribution enters into the other extended

Higgs models such as the THDM.3 These t-channel e! ects show speciÞc dependences on

the center-of-mass energy
!

s in proportion to log s in the production cross section, and

enhances the production rates of the signal events for higher values of
!

s. The Þnal states

of produced charged scalar boson pairs are quite model dependent but with missing energies;

e+ e! " ! + ! ! " #+
L #!

L $L $L , [The Zee# Babu model] (8)

e+ e! " " + " ! " W +( " )W ! (" ) " 0
r " 0

r " jjjj (jj #L $L )" 0
r " 0

r , [The Ma model] (9)

e+ e! " S+ S! " H + H ! %0%0 " &+
R &!

R $L $L %0%0 , [The AKS model] (10)

where underlined parts in the Þnal states are observed as missing energies.

The Zee-Babu model

In the Zee-Babu model, the decay branching pattern of! ± is determined by the relative

magnitudes of the coupling constantsf ij . As a reference scenario, we take a parameter set

m! = 300 GeV, mk = 1200 GeV, µ = 800 GeV,

f eµ = f e" = 0.013, f µ" = 0.027,

gee = 0.17, gµµ = 1.8, g"" = 0.0061, geµ = 5.7 $ 10! 5, ge" = 0.011, gµ" = # 0.081, (11)

3 In the minimal supersymmetric standard model (MSSM) selectron pair production can have similar t-

channel contributions (the Bino exchange). In such a case, the Þnal state would be something like ae+ e!

pair plus a missing energy. Therefore, we can discriminate it from the radiative seesaw models.
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FIG. 1: Feynman diagrams for neutrino masses in the model by Zee-Babu [3] (left), that by Ma [5]

(center) and that in Ref. [6] (right).

duced, both of which carry the lepton number of two-unit, and their interactions are given

by

L int = f ab(Lci
aL L j

bL)! ij " + + g!
ab(#

c
aR#bR)k++ ! µ k++" " " " + H .c., (2)

where LL is the left-handed lepton doublet and#R is the right-handed lepton singlet. The

matrices f ij and g!
ab are respectively an anti-symmetric and a symmetric couplings and the

lepton number is violated by the interaction with the parameterµ.

The neutrino mass matrix is generated at the two-loop level via the diagram in Fig. 1

(left);

M !
ij =

3!

k,"=1

"
1

16$2

# 2 4µ
m2

#
f ik (y"k gk"y"! )f "j v2I 1(m2

k /m 2
# ), (3)

whereyi [=
"

2mi /v (i = e, µ, %)] are the SM Yukawa coupling constants of charged leptons

with the massesmi and the VEV v (# 246 GeV),gij are deÞned asgii = g!
ii and gij = 2g!

ij

(i $= j ), m# and mk are masses of" ± and k±± , and

I 1(r ) = !
$ 1

0

dx
$ 1" x

0

dy
1

x + ( r ! 1)y + y2
ln

y(1 ! y)
x + ry

, (4)

where I 1(r ) takes the value of around 3 - 0.2 for 10" 2 <% r <% 102. The universal scale

of neutrino masses is determined by the two-loop suppression factor 1/ (16$2)2 and the

lepton number violating parameterµ. The charged lepton Yukawa coupling constantsy"i

(ye & yµ & y$ <% 10" 2) give an additional suppression factor. Thus, any off ij or gij can be

of O(1) when m# and mk are at the TeV scale. The ßavor structure of the mass matrix is

determined by the combination of the coupling constantsf ij and yi gij yj .
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r " jjjj ! 0
r for mξ± = 150 GeV. In addition to the rate from the signal process, those

for main backgrounds are also shown.

At current and future LFV experiments, the coupling constantsf ij and gij can be further

tested via the LFV rare decays such as! " ! "" and ! " ! "! "! "". The same operators as in

! ! " ! "# e! e± would also be tested directly at the ILC viae± e! " ! ! !
! ± . In the scenario

in Eq. (11), we estimate that #(e+ e! " µ± $# ) # 5 fb for
!

s = 1 TeV. When we take

gee = 0.4, geτ = 0.01, mk = µ = 1.2 TeV and mω = 400 GeV, which also satisfy all the

current data, we obtain#(e+ e! " $± e# ) # 0.76 (1.7) fb for
!

s = 500 GeV (1 TeV).

The Ma model

In the Ma model, the coupling constantsöhα
e (%= 1, 2) 7 are strongly constrained from

neutrino data and LFV data. As a typical choice of parameters, weconsider8

mξr = 50 GeV, mξi = 60 GeV, mξ± # 100 GeV, mN1
R

= mN2
R

= 3 TeV ,

&5 = $ 1.8 %10! 2, öhα
e , öhα

µ, öhα
τ # 10! 5, (12)

in which the normal neutrino mass hierarchy is realized. Becauseöhα
e are very small for a

7 Here we consider the minimal case of two generations for the right-handed neutrino.
8 The relatively large mass di! erence between ! ± and ! 0

r,i implies a significant deviation from the custodial

symmetry in the Higgs sector, which a! ects the allowed mass mh of the SM like Higgs boson h. The

larger mh is favored for larger mass di! erence of m! ± $ m! r,i .
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In the Ma model, the coupling constantsöh"
e (! = 1, 2) 5 are strongly constrained from

neutrino data and LFV data. As a typical choice of parameters,we consider6

m! r = 50 GeV, m! i = 60 GeV, m! ± # 100 GeV, mN 1
R

= mN 2
R

= 3 TeV ,

" 5 = $ 1.8 %10! 2, öh"
e , öh"

µ , öh"
# # 10! 5, (12)

in which the normal neutrino mass hierarchy is realized. Becauseöh"
e are very small for a

TeV scalemN !
R

, the contribution of the t-channel diagrams to the signale+ e! " #+ #! is

much smaller than that from Drell-Yan type diagrams. The production cross section of a

charged Higgs pair#+ #! is therefore similar to that in the usual THDM: about 92 (10) fb

for m! ± = 100 (150) GeV at
!

s = 500 GeV. The produced#± decay into W ± (" )#0
r,i .

7

In Fig. 3 (left), we show the invariant mass distribution of the di-jetjj of the production

cross section of the signal,e+ e! " #+ #! " W + " W !" #0
r #0

r " jjµ $#0
r #0

r for m! ± = 100 GeV.

5 Here we consider the minimal case of two generations for the right-handed neutrino.
6 The relatively large mass di! erence between! ± and ! 0

r,i implies a signiÞcant deviation from the custodial

symmetry in the Higgs sector, which a! ects the allowed massmh of the SM like Higgs bosonh. The

larger mh is favored for larger mass di! erence ofm! ± $ m! r,i .
7 The ! 0

r ! 0
i production can also be interesting. The Þnal state should betwo jets (or dilepton) plus a

missing energy. The cross section fore+ e! " ! 0
r ! 0

i " ! 0
r ! 0

r jj is about 40 fb at
!

s = 500 GeV.
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FIG. 1: Feynman diagrams for neutrino masses in the model by Zee-Babu [3] (left), that by Ma [5]

(center) and that in Ref. [6] (right).

tive seesaw models that they are directly testable at the collider experiments such as Large

Hadron Collider (LHC) and the International Linear Collider (ILC).

A general feature in radiative seesaw models is an extended Higgs sector, whose detail is

strongly model dependent. The discovery of these extra Higgsbosons and detailed measure-

ments of their properties at current and future collider experiments can give partial evidence

for the radiative seesaw models. In the literature [8Ð14], phenomenology of these radiative

seesaw models has already been studied extensively. Such previous works mainly discuss

constraints on the ßavor structure from the current data forsuch as neutrino physics and

DM, and also study collider phenomenology of the Higgs sectors [15Ð23].

Another common feature in radiative seesaw models is the Majorana nature. In order to

induce tiny Majorana masses for left-handed neutrinos, we need to introduce its origin such

as lepton number violating interactions in the scalar sector [2, 3] or right-handed neutrinos

with TeV-scale Majorana masses [4Ð6]. When the future data would indicate an extended

Higgs sector predicted by a speciÞc radiative seesaw model, the direct detection of the

Majorana property at collider experiments should be a fatalprobe to identify the model.

In this Letter, we study the phenomenology in TeV-scale radiative seesaw models, in

particular, a possibility of detecting the Majorana natureat collider experiments. We mainly

discuss three typical radiative seesaw models as referencemodels; the model by Zee and Babu

where neutrino masses are generated at the two-loop level [3], that by Ma with one-loop

neutrino mass generation [5], and that in Ref. [6] where neutrino masses are generated at

the three-loop level.
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FIG. 4: left : The cross sections of the signal,e+ e! ! S+ S! ! ! + ! ! (+ missing energy), in the

AKS model as a function of the collision energy
"

s. right : The di! erential cross section of the

signal for
"

s = 1 TeV as a function of the angle of the direction of the outgoing ! ! and the beam

axis of incident electrons. In addition to the rate from the signal, those from backgrounds such as

! + ! ! , ! + ! ! "" and H + H ! are also shown.

The main backgrounds come fromWW. The jjµµ events fromZZ , !! , and Z ! can also

be the backgrounds. A factor of 0.1 is multiplied to the rate of the jjµµ backgrounds for

the miss-identiÞcation probability of a muon. The signal issigniÞcant aroundM (jj ) # 30

GeV. The invariant mass cut (such as 15 GeV< M (jj ) < 40 GeV) is e! ective to reduce the

backgrounds. For the numerical evaluation, we have used a package CalcHEP 2.5.4 [33].

For m! ± > m W + m! r , on the other hand, the signalW + W ! " 0
r " 0

r can be measured by

detecting the events of four jets with a missing energy. The main background comes from

W + W ! ## and tt. By the invariant mass cuts of two-jet pairs at theW boson mass, the

biggest background fromWW can be eliminated. In Fig. 3 (right), we show the invariant

mass distribution of jjjj of the production cross sections of the signal and the backgrounds

without any cut. A factor of 0.1 is multiplied to the rate of tt background, by which the

probability of the lepton from a W that escapes from detection is approximately taken into

account. The signal is already signiÞcant. The invariant mass cut (M (jjjj ) < 300 GeV)

gives an improvement for the signal/background ratio.

The AKS model

For the AKS model, we take a typical successful scenario for the neutrino data with the

the normal mass hierarchy, the LFV data and the DM data as wellas the condition for

13

strongly Þrst order phase transition [6, 14];

m! = 50 GeV, mH ± = 100 GeV, mS± = 400 GeV, mN 1
R

= mN 2
R

= 3 TeV ,

h1
e = h2

e = 2 ! h1
µ, h2

µ ! h1
" , h2

" , ! " O(1), sin(" # #) = 1 , tan " = 10 . (13)

Becauseh1,2
e " O(1), the contribution from the t-channel N #

R exchange diagrams to the

production cross section ofS+ S! dominate that from the Drell-Yan diagrams [14]. The

cross section is about 87 fb formS± = 400 GeV at
$

s = 1 TeV. As the decay branching

ratio of S± % H ± $0 is 100% and that ofH ± % %± & is also almost 100% because of the

Type-X THDM interaction for tan " = 10, the Þnal state of the signal is%+ %! &&$0$0 with

almost the same rate as the parentS+ S! production. The main SM backgrounds are%+ %!

and %+ %! &&. The pair production of the doublet like charged Higgs bosonH + H ! can also

be the background. As the signal rate dominantly comes from the t-channel diagram, it

becomes larger for larger
$

s, while the main backgrounds except for%%&e&e are smaller

because they are dominantlys-channel processes (Fig. 4 (left)). At
$

s = 1 TeV, the rate of

the signal without cut is already large enough as compared tothose of the backgrounds. It is

expected that making appropriate kinematic cuts will improve the signal background ratio

to a considerable extent. The
$

s scan will help us to conÞrm that the signal rate comes

from the t-channel diagrams. Fig.4 (right) shows the di! erential cross section of the signal

at
$

s = 1 TeV as a function of cos' " ! , where' " ! is the angle between the direction of the

outgoing %! and the beam axis of incident electrons. The distribution ofthe background

from %%is asymmetric, so that the angle cut for larger cos' " ! reduces the backgrounds.

B. Electron-electron collisions

As already stated, the ILC has a further advantage to test radiative seesaw models via

the experiment at the e! e! collision option, where dimension Þve operator ofe! e! ( + ( + ,

which is the sub-diagram of the loop diagrams for neutrino mass matrix. This direct test of

the dimension Þve operator is essential to identify the radiative seesaw models.

The Majorana nature in the Zee-Babu model is in the lepton number violating coupling

constant µ of k++ ) ! ) ! , which generates the dimension Þve operator ofe! e! ) + ) + at the

tree level via thes-channelk!! exchange diagram. The cross section ofe! e! % ) ! ) ! is
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AKS model as a function of the collision energy
"

s. right : The di! erential cross section of the

signal for
"

s = 1 TeV as a function of the angle of the direction of the outgoing ! ! and the beam

axis of incident electrons. In addition to the rate from the signal, those from backgrounds such as

! + ! ! , ! + ! ! "" and H + H ! are also shown.

The main backgrounds come fromWW. The jjµµ events fromZZ , !! , and Z ! can also

be the backgrounds. A factor of 0.1 is multiplied to the rate of the jjµµ backgrounds for

the miss-identiÞcation probability of a muon. The signal issigniÞcant aroundM (jj ) # 30

GeV. The invariant mass cut (such as 15 GeV< M (jj ) < 40 GeV) is e! ective to reduce the

backgrounds. For the numerical evaluation, we have used a package CalcHEP 2.5.4 [33].

For m! ± > m W + m! r , on the other hand, the signalW + W ! " 0
r " 0

r can be measured by

detecting the events of four jets with a missing energy. The main background comes from

W + W ! ## and tt. By the invariant mass cuts of two-jet pairs at theW boson mass, the

biggest background fromWW can be eliminated. In Fig. 3 (right), we show the invariant

mass distribution of jjjj of the production cross sections of the signal and the backgrounds

without any cut. A factor of 0.1 is multiplied to the rate of tt background, by which the

probability of the lepton from a W that escapes from detection is approximately taken into

account. The signal is already signiÞcant. The invariant mass cut (M (jjjj ) < 300 GeV)

gives an improvement for the signal/background ratio.

The AKS model

For the AKS model, we take a typical successful scenario for the neutrino data with the

the normal mass hierarchy, the LFV data and the DM data as wellas the condition for
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FIG. 1: Feynman diagrams for neutrino masses in the model by Zee-Babu [3] (left), that by Ma [5]

(center) and that in Ref. [6] (right).

tive seesaw models that they are directly testable at the collider experiments such as Large

Hadron Collider (LHC) and the International Linear Collider (ILC).

A general feature in radiative seesaw models is an extended Higgs sector, whose detail is

strongly model dependent. The discovery of these extra Higgsbosons and detailed measure-

ments of their properties at current and future collider experiments can give partial evidence

for the radiative seesaw models. In the literature [8Ð14], phenomenology of these radiative

seesaw models has already been studied extensively. Such previous works mainly discuss

constraints on the ßavor structure from the current data forsuch as neutrino physics and

DM, and also study collider phenomenology of the Higgs sectors [15Ð23].

Another common feature in radiative seesaw models is the Majorana nature. In order to

induce tiny Majorana masses for left-handed neutrinos, we need to introduce its origin such

as lepton number violating interactions in the scalar sector [2, 3] or right-handed neutrinos

with TeV-scale Majorana masses [4Ð6]. When the future data would indicate an extended

Higgs sector predicted by a speciÞc radiative seesaw model, the direct detection of the

Majorana property at collider experiments should be a fatalprobe to identify the model.

In this Letter, we study the phenomenology in TeV-scale radiative seesaw models, in

particular, a possibility of detecting the Majorana natureat collider experiments. We mainly

discuss three typical radiative seesaw models as referencemodels; the model by Zee and Babu

where neutrino masses are generated at the two-loop level [3], that by Ma with one-loop

neutrino mass generation [5], and that in Ref. [6] where neutrino masses are generated at

the three-loop level.
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given by

! (e! e! " " ! " ! ) =
1

8#

!

1 #
4m2

!

s
µ2h2

ee

(s # m2
k)2 + m2

k! 2
k

, (14)

where the total width ! k of k±± is computed as about 168 GeV in our scenario in Eq.(11).

On the other hand, in the Ma model and the AKS model, the operator comes from the

t-channel right-handed neutrino exchange diagram. The cross section is evaluated as

! (e! e! " $! $! ) =
" tmax

tmin

dt
1

128#s

#
#
#
#
#

n$

" =1

(|c" |2mN !
R

)

%
1

t # m2
N !

R

+
1

u # m2
N !

R

&#
#
#
#
#

2

, (15)

where n is the number of generation of right-handed neutrinos,$! represents theZ2-odd

charged scalar boson%! in the Ma model and S! in the AKS model. The constantsc"

representöh"
e or h"

e in the Ma model or the AKS model, respectively. We note that dueto

the Majorana nature of thet-channel diagram, we obtain much larger cross section in the

e! e! collision than in the e+ e! collision in each model assuming the same collision energy.

The mass matrix of left-handed neutrinos is generated at theone, two and three loop

levels in the Ma model, the Zee-Babu model and the AKS model, respectively. Therefore,

the coupling constants can be basically hierarchical amongthe models, so are the cross

sections. For the typical scenarios in these models, the cross sections are shown in Fig 5.
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duced, both of which carry the lepton number of two-unit, and their interactions are given

by

L int = f ab(Lci
aL L j

bL)! ij " + + g!
ab(#

c
aR#bR)k++ ! µ k++ " " " " + H .c., (2)

where LL is the left-handed lepton doublet and#R is the right-handed lepton singlet. The

matrices f ij and g!
ab are respectively an anti-symmetric and a symmetric couplings and the

lepton number is violated by the interaction with the parameterµ.

The neutrino mass matrix is generated at the two-loop level via the diagram in Fig. 1

(left);

M !
ij =

3!

k,"=1

"
1

16$2

# 2 4µ
m2

#
f ik (y"k gk"y"! )f "j v2I 1(m2

k/m 2
# ), (3)

whereyi [=
"

2mi /v (i = e, µ, %)] are the SM Yukawa coupling constants of charged leptons

with the massesmi and the VEV v (# 246 GeV),gij are deÞned asgii = g!
ii and gij = 2g!

ij

(i $= j ), m# and mk are masses of" ± and k±± , and

I 1(r ) = !
$ 1

0
dx

$ 1" x

0
dy

1
x + ( r ! 1)y + y2

ln
y(1 ! y)
x + ry

, (4)

where I 1(r ) takes the value of around 3 - 0.2 for 10" 2 <% r <% 102. The universal scale

of neutrino masses is determined by the two-loop suppression factor 1/ (16$2)2 and the

lepton number violating parameterµ. The charged lepton Yukawa coupling constantsy"i

(ye & yµ & y$ <% 10" 2) give an additional suppression factor. Thus, any off ij or gij can be

of O(1) when m# and mk are at the TeV scale. The ßavor structure of the mass matrix is

determined by the combination of the coupling constantsf ij and yi gij yj .
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