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ニュートリノ質量

ニュートリノ質量は非常に小さい

トリチウムのβ崩壊による制限: m<2eV

2重β崩壊や宇宙論等からの制限もO(0.1eV)以下を示唆

電子質量に比べてもかなり小さい

近似的にはmassless?

「標準模型」はニュートリノ質量が0になるように作られている



ニュートリノ振動

SK, KamLAND, SNO, K2K, Daya Bay,T2K etc
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νe Appearance Results
• Observed 28 events (expected 20.44 ± 1.8 for sin22θ13=0.1)

• Comparing the best p-θ fit likelihood to null hypothesis gives 
a 7.5σ significance for non-zero θ13
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First ever observation (>5σ) of an 
explicit ν appearance channel

T2K δCP vs sin22θ13 (Normal Hierarchy) T2K δCP vs sin22θ13 (Inverted Hierarchy)

(For sin22θ23=1,  δCP=0,  and normal mass hierarchy)

T2K PreliminaryT2K Preliminary
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EPSでのT2Kのトーク



EPSでのT2Kのトーク
Summary

• T2K has made an observation of νe appearance from a νμ beam

• θ13=0 is excluded with a significance of 7.5σ (δCP=0, sin22θ23=1)

• J-PARC achieved steady operation at 220 kW for much of Run 4

• We have now analyzed 6.39*1020 POT accumulated by April 12th, 2013

• This is 2.1 times the Run 1-3 data used for the 2012 analysis

• Analysis improvements have significantly enhanced the sensitivity to νe 
appearance (from below 5σ to 5.5σ)

• Near detector event selection now contains a CC1π+ sample

• The new fiTQun reconstruction algorithm removes 70% of the π0 
background relative to the previous analysis

• More improvement is expected as fiTQun becomes more fully 
integrated into T2K analyses

• The νμ disappearance contours are sensitive to the octant chosen

• Both contours are now provided
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EPSでのT2Kのトーク



ニュートリノ質量の起源

「標準模型」はニュートリノ質量が0になるように作られている
第0近似として

ニュートリノ質量のスケール<0.1eV
電子質量の

1/5000000以下

ニュートリノ湯川

dim 5 オペレータ

…

標準模型にどうやって組み込んでいくか?

y⌫⌫̄R`L · �1 m⌫⌫̄R⌫L

(m⌫)ij⌫̄
c
i ⌫̄j

cij
M

(`Li · �)(`Lj · �)

1.  重い M
2.小さい cij

cij = O(1) M ⇠ 1014 GeV



様々な模型

シーソー機構: 非常に大きなmassで抑制

type I

type II

…

輻射シーソー: ループファクターで抑制

余剰次元模型: 波動関数の重なりで抑制

…



非常に重い右巻きニュートリノを導入

ニュートリノ質量の起源

バリオジェネシス

同時に説明
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右巻きニュートリノのCPを破る
崩壊によって#(B-L)が生成
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スファレロンによって#Bに変換

例1:type I シーソー模型

ただし，この模型は一般に非
常に高いmass scaleでの拡

張模型になっている

直接測定はほぼ不可能! (Left-Right模型でRHNが軽ければ検証できるかも)

MNが軽い→結合が弱い
さらに



RHN in LR-model
4 Neutrino mass and the LHC 927
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Fig. 2 – Feynman diagram for the production of WR at colliders with a subsequent decay to two leptons
and two jets (left) and a combined bound in the WR�N plane (right), taken from [5].

sector are rather large, therefore the precision measurements force N to be lighter
than WR, precisely in the region of interest in Fig. 2.

Actually, there exist another source of both, LNV and LFV in this model due to
the extended Higgs sector. In order to break the LR symmetry and give a Majorana
mass to right-handed neutrinos, a pair of (LR symmetric) scalar triplets with Y = 2

is used. They too can mediate 0⌫2� and LFV decays, depending on their mass
scale. For example, the doubly charged components �

++
L,R couple to two same-charge

leptons and two WL,R, giving a tree-level amplitude for 0⌫2�. Their contributions
are proportional to m⌫,N/m2

�L,R
, therefore �L contribution is insignificant. The

�R contribution, on the other hand, could play an additional role, depending on the
flavor structure of its couplings. The point is that �R also mediates LFV processes
and in the case of type II discussed above, they are calculable and are rather large.
Contrary to the WR exchange, there are a few enhancements in the case of the scalar
exchange. First of all, the ` ! 3` decays now proceed at the tree level and the µ� e
conversion is enhanced by a large log term logm2

µ/m
2
�. When all the flavor channels

are taken into account, a bound on mN/m�R can be set, depending on the lightest
neutrino mass and on the values of the neutrino mixing angles (see [1] for details).
The bottom line is that LFV forces mN . 0.1m�R , and since the 0⌫2� amplitude
of �R is suppressed by m2

N/m2
�R

compared to WR, its contribution is generically
subdominant.

Recently, the issue of an upper limit on the scale of LR symmetry which would
be needed to explain a large 0⌫2� signal in the absence of fine-tuning has been taken
up in [4]. It shown that LHC will be able to cover a sizable portion of the parameter
space if heavy N is the culprit. In case �R is the dominant source (possible only
when VR is diagonal and therefore type II is subdominant), the relevant parameter
space is entirely within the reach of the LHC.
RJP 57(Nos. 5-6), 924–930 (2012) (c) 2012-2012



トリプレットヒッグス(Y=1)を導入

例2:type II シーソー模型

Δの中性成分が非常に小さなvev(~0.1eV)を持つ

小さなニュートリノ質量

この模型のヒッグスポテンシャル:

μT が小さければ，軽いトリプレットヒッグスも可能!

また，複荷電ボゾンが登場
SM-like Higgs結合の精密測定にも足跡がある!(菊池さんのトーク)



複荷電ボゾンの現象論

e+e-コライダーだとe+e-→H++H--

√s/2程度の質量までなら探索できる

the signal will need to be included. For definiteness, we take MH±± = MH± as the mass

difference is fairly small for most of the parameter space in the HTM.
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Figure 1: Cross section of inclusive doubly charged Higgs bosons production (Eq. 3.1) as a function
of MH±± . The K-factor of the processes is taken to be 1.25 for LHC and 1.3 for Tevatron.

The cross section for the inclusive production of doubly charged Higgs bosons at

hadronic colliders is plotted in Figure 1 as a function of the doubly charged Higgs mass.

In this plot we show the production cross sections as given in Eq. (3.1) for the LHC at the

center-of-mass (CM) energy of
√
s = 7, 10, 14 TeV and for the Tevatron

√
s = 1.96 TeV.

The LHC is expected to take around 1 fb−1 of integrated luminosity at
√
s = 7 TeV in

its first two years of operation. Subsequently, the machine is planned to run at the design

energy of
√
s = 14 TeV. For completeness, we also show the cross section at an interme-

diate energy of
√
s = 10 TeV because operation at this energy has been discussed. In our

later simulations, we have assumed the CM energy of
√
s = 14 TeV at the LHC. We have

used the leading-order (LO) CTEQ6L parton distribution functions (PDF) with two-loop

αs running, and identified both the factorization scale µf and the renormalization scale µr

with the partonic CM energy ŝ.

4.1 Framework for event generation

The SM background processes we have considered for both the ≥ 3" and 4" channels are:

• ZZ with each of the Z’s decaying leptonically.

• W±Z with each of the weak gauge bosons decaying leptonically.

• tt̄ with t → Wb, and W ’s and b decaying (semi)leptonically.

– 8 –

LHCでの例:

Akeroyd, Chiang, Gauer, arXiv:1009.2780

ATLAS, arXiv:1210.5070
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set [28] added in quadrature to the difference between the
central value of this set and the CTEQ6L PDF set.

The dilepton mass distribution observed in data is shown
for the e±e±, µ±µ±, and e±µ± channels in Fig. 1 and is
compared to the background expectation and four hypothet-
ical H±± signals normalised to their respective cross sec-
tions (assuming a branching ratio to the given lepton flavour
of 100%). The data show no clear peak structure and agree
well with the background estimate in all three channels.

A limit on the number of lepton pairs originating from
H±± bosons (Nrec) in each mass window is derived using a
CLs technique [29]. It is converted to a limit on the cross
section times branching ratio for doubly-charged Higgs pro-
duction using the acceptance times efficiency values derived
from MC simulation. Since this analysis counts lepton pairs
and each event contains two H±± bosons, the cross section
times branching ratio for pair production is given by

s(pp ! H±±H⌥⌥)⇥BR(H±± ! `±`0±) =

Nrec(`±`0±)

2⇥A⇥ e ⇥L
, (2)

where A⇥ e is the acceptance times efficiency to detect a
lepton pair from H±± decay within a given mass window.
The integrated luminosity L is 4.7 fb�1.

The 95% CL expected and observed upper limits on
the cross section times branching ratio as a function of the
H±± boson mass are shown in Fig. 2. The expected limit
is determined as the median outcome of simulated pseudo-
experiments in the absence of any signal. Also shown are the
theoretical cross sections calculated at next-to-leading order
(NLO) for H±± production with left- and right-handed cou-
plings [16]. The uncertainty on these cross sections is ±10%
due to scale dependence in the NLO calculation, parton dis-
tribution function uncertainties, and neglecting higher-order
electroweak corrections.

At low mass, the expected cross-section limits are most
stringent for the µ±µ± channel due to the low background
levels in this channel. At high mass, the expected e±e± and
µ±µ± limits are comparable while the e±µ± limit is about
30% worse due to the larger background from WZ produc-
tion. In general the observed and expected limits agree well
with each other. The largest deviations of the observed limit
from the expected limit are within the 2s uncertainty on the
expected limit. The cross-section limits range from 25 fb (in
the e±e± channel at low mass) to 0.6 fb (in all channels at
high mass).

Comparison of the cross-section limits with the theoret-
ical production cross section places constraints on m(H±±).
The lower limits on the H±± mass at 95% CL are listed in
Table 1 for the three final states when BR(H±± ! `±`0±) =
100%, as well as branching ratios of 33%, 22%, and 11%.
For a democratic scenario where the BR to each pair of lep-
ton flavours is the same, the branching ratio is 22% for the
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Fig. 1 Invariant mass distributions for (a) e±e±, (b) µ±µ±, and (c)
e±µ± pairs passing the full event selection. The data are shown as filled
circles. The stacked histograms represent the backgrounds composed
of pairs of prompt leptons from SM processes, pairs with at least one
non-prompt lepton, and for the electron channels, backgrounds arising
from charge misidentification and conversions. The open histograms
show the expected signal from simulated H±±

L samples, assuming a
100% branching ratio to the decay channel considered and coupling to
left-handed fermions. Lepton pairs in the e±e± channel with an invari-
ant mass between 70 GeV and 110 GeV are excluded because of the
larger background from charge misidentification in Z ! e±e⌥ decays.
The last bin is an overflow bin.
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set [28] added in quadrature to the difference between the
central value of this set and the CTEQ6L PDF set.

The dilepton mass distribution observed in data is shown
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tions (assuming a branching ratio to the given lepton flavour
of 100%). The data show no clear peak structure and agree
well with the background estimate in all three channels.
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H±± boson mass are shown in Fig. 2. The expected limit
is determined as the median outcome of simulated pseudo-
experiments in the absence of any signal. Also shown are the
theoretical cross sections calculated at next-to-leading order
(NLO) for H±± production with left- and right-handed cou-
plings [16]. The uncertainty on these cross sections is ±10%
due to scale dependence in the NLO calculation, parton dis-
tribution function uncertainties, and neglecting higher-order
electroweak corrections.

At low mass, the expected cross-section limits are most
stringent for the µ±µ± channel due to the low background
levels in this channel. At high mass, the expected e±e± and
µ±µ± limits are comparable while the e±µ± limit is about
30% worse due to the larger background from WZ produc-
tion. In general the observed and expected limits agree well
with each other. The largest deviations of the observed limit
from the expected limit are within the 2s uncertainty on the
expected limit. The cross-section limits range from 25 fb (in
the e±e± channel at low mass) to 0.6 fb (in all channels at
high mass).

Comparison of the cross-section limits with the theoret-
ical production cross section places constraints on m(H±±).
The lower limits on the H±± mass at 95% CL are listed in
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For a democratic scenario where the BR to each pair of lep-
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Fig. 1 Invariant mass distributions for (a) e±e±, (b) µ±µ±, and (c)
e±µ± pairs passing the full event selection. The data are shown as filled
circles. The stacked histograms represent the backgrounds composed
of pairs of prompt leptons from SM processes, pairs with at least one
non-prompt lepton, and for the electron channels, backgrounds arising
from charge misidentification and conversions. The open histograms
show the expected signal from simulated H±±

L samples, assuming a
100% branching ratio to the decay channel considered and coupling to
left-handed fermions. Lepton pairs in the e±e± channel with an invari-
ant mass between 70 GeV and 110 GeV are excluded because of the
larger background from charge misidentification in Z ! e±e⌥ decays.
The last bin is an overflow bin.
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set [28] added in quadrature to the difference between the
central value of this set and the CTEQ6L PDF set.

The dilepton mass distribution observed in data is shown
for the e±e±, µ±µ±, and e±µ± channels in Fig. 1 and is
compared to the background expectation and four hypothet-
ical H±± signals normalised to their respective cross sec-
tions (assuming a branching ratio to the given lepton flavour
of 100%). The data show no clear peak structure and agree
well with the background estimate in all three channels.

A limit on the number of lepton pairs originating from
H±± bosons (Nrec) in each mass window is derived using a
CLs technique [29]. It is converted to a limit on the cross
section times branching ratio for doubly-charged Higgs pro-
duction using the acceptance times efficiency values derived
from MC simulation. Since this analysis counts lepton pairs
and each event contains two H±± bosons, the cross section
times branching ratio for pair production is given by

s(pp ! H±±H⌥⌥)⇥BR(H±± ! `±`0±) =

Nrec(`±`0±)

2⇥A⇥ e ⇥L
, (2)

where A⇥ e is the acceptance times efficiency to detect a
lepton pair from H±± decay within a given mass window.
The integrated luminosity L is 4.7 fb�1.

The 95% CL expected and observed upper limits on
the cross section times branching ratio as a function of the
H±± boson mass are shown in Fig. 2. The expected limit
is determined as the median outcome of simulated pseudo-
experiments in the absence of any signal. Also shown are the
theoretical cross sections calculated at next-to-leading order
(NLO) for H±± production with left- and right-handed cou-
plings [16]. The uncertainty on these cross sections is ±10%
due to scale dependence in the NLO calculation, parton dis-
tribution function uncertainties, and neglecting higher-order
electroweak corrections.

At low mass, the expected cross-section limits are most
stringent for the µ±µ± channel due to the low background
levels in this channel. At high mass, the expected e±e± and
µ±µ± limits are comparable while the e±µ± limit is about
30% worse due to the larger background from WZ produc-
tion. In general the observed and expected limits agree well
with each other. The largest deviations of the observed limit
from the expected limit are within the 2s uncertainty on the
expected limit. The cross-section limits range from 25 fb (in
the e±e± channel at low mass) to 0.6 fb (in all channels at
high mass).

Comparison of the cross-section limits with the theoret-
ical production cross section places constraints on m(H±±).
The lower limits on the H±± mass at 95% CL are listed in
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100%, as well as branching ratios of 33%, 22%, and 11%.
For a democratic scenario where the BR to each pair of lep-
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Fig. 1 Invariant mass distributions for (a) e±e±, (b) µ±µ±, and (c)
e±µ± pairs passing the full event selection. The data are shown as filled
circles. The stacked histograms represent the backgrounds composed
of pairs of prompt leptons from SM processes, pairs with at least one
non-prompt lepton, and for the electron channels, backgrounds arising
from charge misidentification and conversions. The open histograms
show the expected signal from simulated H±±

L samples, assuming a
100% branching ratio to the decay channel considered and coupling to
left-handed fermions. Lepton pairs in the e±e± channel with an invari-
ant mass between 70 GeV and 110 GeV are excluded because of the
larger background from charge misidentification in Z ! e±e⌥ decays.
The last bin is an overflow bin.
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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 Higgs bosons 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 [8–14], phenomenology of these radiative

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

constraints on the flavor structure from the current data for such as neutrino physics and

DM, and also study collider phenomenology of the Higgs sectors [15–23].

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 [4–6]. When the future data would indicate an extended

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

Majorana property at collider experiments should be a fatal probe 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 nature at collider experiments. We mainly

discuss three typical radiative seesaw models as reference models; 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. 2: The differential cross section of e+e− → ω+ω− → µ−τ+(+missing energy) as a function

of the angle between the outgoing muon and the beam axis in the Zee-Babu model for
√
s = 1

TeV. The rate of µ−τ+(+missing energy) from main background e+e− → W+W− is also shown.

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

The Zee-Babu model

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

magnitudes of the coupling constants fij . As a reference scenario, we take a parameter set

mω = 300 GeV, mk = 1200 GeV, µ = 800 GeV,

feµ = feτ = 0.013, fµτ = 0.027,

gee = 0.17, gµµ = 1.8, gττ = 0.0061, geµ = 5.7× 10−5, geτ = 0.011, gµτ = −0.081, (11)

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

in final states "+"− = e+e−, e±µ∓, e±τ∓, µ+µ−, µ±τ∓, τ+τ− is given by 2, 13, 13, 19, 36,

19, respectively. In Fig. 2, the differential cross section dσ/d cos θµ for the signal e+e− →

ω+ω− → µ−τ+ (+missing energy) is shown for
√
s = 1 TeV as a function of cos θµ, where θµ

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 θµ < −0.5)

improves the ratio of the signal and the background.6

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

case of lighter k±±. In such case, the pair production of k++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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from the W pair production, which is also plotted. The angle cut (e.g. cos θµ < −0.5)

improves the ratio of the signal and the background.6

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

case of lighter k±±. In such case, the pair production of k++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

Lint = fab(Lci
aLL

j
bL)εijω

+ + g′ab(#
c
aR#bR)k

++ − µ k++ω−ω− +H.c., (2)

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

matrices fij and g′ab are respectively an anti-symmetric and a symmetric couplings and the

lepton number is violated by the interaction with the parameter µ.

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

(left);

Mν
ij =

3∑

k,"=1

(
1

16π2

)2 4µ

m2
ω

fik(y"kgk"y"!)f"jv
2I1(m

2
k/m

2
ω), (3)

where yi [=
√
2mi/v (i = e, µ, τ)] are the SM Yukawa coupling constants of charged leptons

with the masses mi and the VEV v (# 246 GeV), gij are defined as gii = g′ii and gij = 2g′ij

(i $= j), mω and mk are masses of ω± and k±±, and

I1(r) = −
∫ 1

0

dx

∫ 1−x

0

dy
1

x+ (r − 1)y + y2
ln

y(1− y)

x+ ry
, (4)

where I1(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/(16π2)2 and the

lepton number violating parameter µ. The charged lepton Yukawa coupling constants y"i

(ye & yµ & yτ <∼ 10−2) give an additional suppression factor. Thus, any of fij or gij can be

of O(1) when mω and mk are at the TeV scale. The flavor structure of the mass matrix is

determined by the combination of the coupling constants fij and yigijyj .
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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 the e+e− collision, which appear in

the radiative seesaw models (ω+ω− in the Zee-Babu model, ξ+ξ− in the Ma model, and

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

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

channel diagrams. The contribution of these t-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 effects show specific 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 final states

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

e+e− → ω+ω− → #+L#
−
LνLνL , [The Zee−Babu model] (8)

e+e− → ξ+ξ− → W+(∗)W−(∗)ξ0rξ
0
r → jjjj(jj#LνL)ξ

0
rξ

0
r , [The Ma model] (9)

e+e− → S+S− → H+H−η0η0 → τ+R τ
−
R νLνLη

0η0 , [The AKS model] (10)

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

The Zee-Babu model

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

magnitudes of the coupling constants fij . As a reference scenario, we take a parameter set

mω = 300 GeV, mk = 1200 GeV, µ = 800 GeV,

feµ = feτ = 0.013, fµτ = 0.027,

gee = 0.17, gµµ = 1.8, gττ = 0.0061, geµ = 5.7× 10−5, geτ = 0.011, gµτ = −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 final state would be something like a e+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

Lint = fab(Lci
aLL

j
bL)εijω

+ + g′ab(#
c
aR#bR)k

++ − µ k++ω−ω− +H.c., (2)

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

matrices fij and g′ab are respectively an anti-symmetric and a symmetric couplings and the

lepton number is violated by the interaction with the parameter µ.

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

(left);

Mν
ij =

3∑

k,"=1

(
1

16π2

)2 4µ

m2
ω

fik(y"kgk"y"!)f"jv
2I1(m

2
k/m

2
ω), (3)

where yi [=
√
2mi/v (i = e, µ, τ)] are the SM Yukawa coupling constants of charged leptons

with the masses mi and the VEV v (# 246 GeV), gij are defined as gii = g′ii and gij = 2g′ij

(i $= j), mω and mk are masses of ω± and k±±, and

I1(r) = −
∫ 1

0

dx

∫ 1−x

0

dy
1

x+ (r − 1)y + y2
ln

y(1− y)

x+ ry
, (4)

where I1(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/(16π2)2 and the

lepton number violating parameter µ. The charged lepton Yukawa coupling constants y"i

(ye & yµ & yτ <∼ 10−2) give an additional suppression factor. Thus, any of fij or gij can be

of O(1) when mω and mk are at the TeV scale. The flavor structure of the mass matrix is

determined by the combination of the coupling constants fij and yigijyj .
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FIG. 3: The jets invariant mass distributions of the production rates of the signal in the Ma

model at
√
s = 500 GeV. left : The di-jet invariant mass M(jj) distribution of the signal

e+e− → ξ+ξ− → jjµνξ0r ξ
0
r for mξ± = 100 GeV. right : M(jjjj) distribution of e+e− → ξ+ξ− →

W+W−ξ0rξ
0
r → jjjjξ0r 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 constants fij and gij can be further

tested via the LFV rare decays such as ! → !′γ and ! → !′!′!′′. The same operators as in

!− → !′∓e−e± would also be tested directly at the ILC via e±e− → !−!
′±. In the scenario

in Eq. (11), we estimate that σ(e+e− → µ±τ∓) ∼ 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 σ(e+e− → τ±e∓) ∼ 0.76 (1.7) fb for
√
s = 500 GeV (1 TeV).

The Ma model

In the Ma model, the coupling constants ĥα
e (α = 1, 2) 7 are strongly constrained from

neutrino data and LFV data. As a typical choice of parameters, we consider 8

mξr = 50 GeV, mξi = 60 GeV, mξ± ∼ 100 GeV, mN1
R
= mN2

R
= 3 TeV,

λ5 = −1.8× 10−2, ĥα
e , ĥ

α
µ, ĥ

α
τ ∼ 10−5, (12)

in which the normal neutrino mass hierarchy is realized. Because ĥα
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 difference between ξ± and ξ0r,i implies a significant deviation from the custodial

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

larger mh is favored for larger mass difference of mξ± −mξr,i .
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In the Ma model, the coupling constants ĥα
e (α = 1, 2) 5 are strongly constrained from

neutrino data and LFV data. As a typical choice of parameters, we consider 6

mξr = 50 GeV, mξi = 60 GeV, mξ± ∼ 100 GeV, mN1
R
= mN2

R
= 3 TeV,

λ5 = −1.8× 10−2, ĥα
e , ĥ

α
µ, ĥ

α
τ ∼ 10−5, (12)

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

TeV scale mNα
R
, the contribution of the t-channel diagrams to the signal e+e− → ξ+ξ− is

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

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

for mξ± = 100 (150) GeV at
√
s = 500 GeV. The produced ξ± decay into W±(∗)ξ0r,i.

7

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

cross section of the signal, e+e− → ξ+ξ− → W+∗W−∗ξ0rξ
0
r → jjµνξ0rξ

0
r for mξ± = 100 GeV.

5 Here we consider the minimal case of two generations for the right-handed neutrino.
6 The relatively large mass difference between ξ± and ξ0r,i implies a significant deviation from the custodial

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

larger mh is favored for larger mass difference of mξ± −mξr,i .
7 The ξ0rξ

0
i production can also be interesting. The final state should be two jets (or dilepton) plus a

missing energy. The cross section for e+e− → ξ0rξ
0
i → ξ0rξ

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 Higgs bosons 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 [8–14], phenomenology of these radiative

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

constraints on the flavor structure from the current data for such as neutrino physics and

DM, and also study collider phenomenology of the Higgs sectors [15–23].

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 [4–6]. When the future data would indicate an extended

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

Majorana property at collider experiments should be a fatal probe 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 nature at collider experiments. We mainly

discuss three typical radiative seesaw models as reference models; 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− → τ+τ− (+ missing energy), in the

AKS model as a function of the collision energy
√
s. right : The differential cross section of the

signal for
√
s = 1 TeV as a function of the angle of the direction of the outgoing τ− and the beam

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

τ+τ−, τ+τ−νν and H+H− are also shown.

The main backgrounds come from WW . The jjµµ events from ZZ, γγ, and Zγ can also

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

the miss-identification probability of a muon. The signal is significant around M(jj) ∼30

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

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

For mξ± > mW + mξr , on the other hand, the signal W+W−ξ0rξ
0
r can be measured by

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

W+W−νν and tt. By the invariant mass cuts of two-jet pairs at the W boson mass, the

biggest background from WW 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 significant. 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 well as the condition for

13

strongly first order phase transition [6, 14];

mη = 50 GeV, mH± = 100 GeV, mS± = 400 GeV, mN1
R
= mN2

R
= 3 TeV,

h1
e = h2

e = 2 ! h1
µ, h

2
µ ! h1

τ , h
2
τ , κ ∼ O(1), sin(β − α) = 1, tan β = 10 . (13)

Because h1,2
e ∼ O(1), the contribution from the t-channel Nα

R exchange diagrams to the

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

cross section is about 87 fb for mS± = 400 GeV at
√
s = 1 TeV. As the decay branching

ratio of S± → H±η0 is 100% and that of H± → τ±ν is also almost 100% because of the

Type-X THDM interaction for tan β = 10, the final state of the signal is τ+τ−ννη0η0 with

almost the same rate as the parent S+S− production. The main SM backgrounds are τ+τ−

and τ+τ−νν. The pair production of the doublet like charged Higgs boson H+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 ττνeνe are smaller

because they are dominantly s-channel processes (Fig. 4 (left)). At
√
s = 1 TeV, the rate of

the signal without cut is already large enough as compared to those 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 confirm that the signal rate comes

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

at
√
s = 1 TeV as a function of cos θτ− , where θτ− is the angle between the direction of the

outgoing τ− and the beam axis of incident electrons. The distribution of the background

from ττ is asymmetric, so that the angle cut for larger cos θτ− 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 five operator of e−e−φ+φ+,

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

the dimension five 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++ω−ω−, which generates the dimension five operator of e−e−ω+ω+ at the

tree level via the s-channel k−− exchange diagram. The cross section of e−e− → ω−ω− is

14

200 400 600 800 1000 1200
√ s   [GeV]

10

100

1000

C
ro

ss
 se

ct
io

n 
[f

b]

H+H- WWνeνe

Signal

ττ τ+τ−+ missing energy

WWντντ

√s = 1 TeV

S+S-

AKS model

-1 -0.5 0 0.5 1
cosθτ-

10

100

D
iff

. c
ro

ss
 se

ct
io

n 
[f

b]

H+H-

ττνeνe

Signal ττ

τ+τ−+ missing energy

ττντντ

√s = 1 TeV

S+S-

AKS model

FIG. 4: left : The cross sections of the signal, e+e− → S+S− → τ+τ− (+ missing energy), in the

AKS model as a function of the collision energy
√
s. right : The differential cross section of the

signal for
√
s = 1 TeV as a function of the angle of the direction of the outgoing τ− and the beam

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

τ+τ−, τ+τ−νν and H+H− are also shown.

The main backgrounds come from WW . The jjµµ events from ZZ, γγ, and Zγ can also

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

the miss-identification probability of a muon. The signal is significant around M(jj) ∼30

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

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

For mξ± > mW + mξr , on the other hand, the signal W+W−ξ0rξ
0
r can be measured by

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

W+W−νν and tt. By the invariant mass cuts of two-jet pairs at the W boson mass, the

biggest background from WW 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 significant. 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 well as 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 Higgs bosons 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 [8–14], phenomenology of these radiative

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

constraints on the flavor structure from the current data for such as neutrino physics and

DM, and also study collider phenomenology of the Higgs sectors [15–23].

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 [4–6]. When the future data would indicate an extended

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

Majorana property at collider experiments should be a fatal probe 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 nature at collider experiments. We mainly

discuss three typical radiative seesaw models as reference models; 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.

3
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FIG. 5: The cross sections of like-sign charged Higgs pair productions in the Zee-Babu model

(ω−ω−) and in the AKS model (S−S−) are shown as a function of the collision energy
√
s. The

parameters in the Zee-Babu and the AKS model are taken as in Eq. (11) and Eq. (13), respectively.

given by

σ(e−e− → ω−ω−) =
1

8π

√

1−
4m2

ω

s

µ2h2
ee

(s−m2
k)

2 +m2
kΓ

2
k

, (14)

where the total width Γk 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

σ(e−e− → φ−φ−) =

∫ tmax

tmin

dt
1

128πs

∣∣∣∣∣

n∑

α=1

(|cα|2mNα
R
)

(
1

t−m2
Nα

R

+
1

u−m2
Nα

R

)∣∣∣∣∣

2

, (15)

where n is the number of generation of right-handed neutrinos, φ− represents the Z2-odd

charged scalar boson ξ− in the Ma model and S− in the AKS model. The constants cα

represent ĥα
e or hα

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

the Majorana nature of the t-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 the one, 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 among the 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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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

Lint = fab(Lci
aLL

j
bL)εijω

+ + g′ab(#
c
aR#bR)k

++ − µ k++ω−ω− +H.c., (2)

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

matrices fij and g′ab are respectively an anti-symmetric and a symmetric couplings and the

lepton number is violated by the interaction with the parameter µ.

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

(left);

Mν
ij =

3∑

k,"=1

(
1

16π2

)2 4µ

m2
ω

fik(y"kgk"y"!)f"jv
2I1(m

2
k/m

2
ω), (3)

where yi [=
√
2mi/v (i = e, µ, τ)] are the SM Yukawa coupling constants of charged leptons

with the masses mi and the VEV v (# 246 GeV), gij are defined as gii = g′ii and gij = 2g′ij

(i $= j), mω and mk are masses of ω± and k±±, and

I1(r) = −
∫ 1

0

dx

∫ 1−x

0

dy
1

x+ (r − 1)y + y2
ln

y(1− y)

x+ ry
, (4)

where I1(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/(16π2)2 and the

lepton number violating parameter µ. The charged lepton Yukawa coupling constants y"i

(ye & yµ & yτ <∼ 10−2) give an additional suppression factor. Thus, any of fij or gij can be

of O(1) when mω and mk are at the TeV scale. The flavor structure of the mass matrix is

determined by the combination of the coupling constants fij and yigijyj .

4

e-e-オプションだとMajorana性が見えてくる



高いスケールを目指して

輻射シーソー模型の場合の基本理論はどうなっているのか?

単純なGUT(特にSUSY GUT)にうまく埋めこめるか?

大きな結合定数が要求される場合がある→ランダウポール

新たなnon-singlet場→ゲージカップリングのrunを変更

Grand desertの果ての統一とは異なる可能性を考えたい



SUSY SU(2)H模型

SU(2)H doublets

S. Kanemura, T.S, T. Yamada, PRD86,055023

SUSY SU(2)H⨉SU(2)L⨉U(1)Y⨉Z2

Nf=Nc+1

confinement

あるスケールで強結合理論になる

スケールΛH以下ではTiのメソンMij~TiTjで
理論が記述される

ヒッグス場と同定

これが機能する
最も単純な場合



SU(2)H模型の有効理論

S. Kanemura, E. Senaha, T.S, T. Yamada, JHEP1305,066Low energy effective 
theory: MSSM-like Higgs fields

(Naive dimensional analysis)
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新しいスカラー場がわらわら登場 輻射シーソーに使える?!



ついでに電弱バリオジェネシス
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(Scanned)

Lightest Z2 odd masses

m0=50GeV

is realized!

mh=126GeV

電弱バリオ
ジェネシス
が機能す

るかも

S. Kanemura, E. Senaha, T.S, T. Yamada, JHEP1305,066



hγγ結合
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vc/Tc>1の領域で標準模型の予言値から20%近くずれる

S. Kanemura, E. Senaha, T.S, T. Yamada, JHEP1305,066
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vc/Tc>1の領域で標準模型の予言値から~+20%以上のずれ

S. Kanemura, E. Senaha, T.S, T. Yamada, JHEP1305,066



SU(2)H模型と輻射シーソー

SUSY Ma模型に必要なextra scalar: Z2-odd doublet & 
Z2-odd neutral singlet

SUSY AKS模型に必要なextra scalar: Z2-odd charged 
singlet & Z2-odd neutral singlet & Z2-odd doublet

全て図らずしてSU(2)H模型に含まれている!!

Z2-odd RHNさえ加えれば材料は揃う

S. Kanemura, N. Machida, T.S. and T. Yamada, in preparation

ΛHより上のスケールでも基本場(複合場ではない)

ソフトに破れる(右巻きの質量だけが破る)B-L対称性を仮定



1-loop model
L(Nc) =-1(RHN is lepton)

ΛH以下では:

ν ννcR νcRMN

Φu
Φu

Hu
Hu

η η
B2

η

Z2-loop

1-loop の寄与が支配的

Bηη2, Bηζ2,mζηζ†η のような 
soft-SUSY-breakingが必要

forbidden by Z2

SUSY version of the Ma-model

S. Kanemura, N. Machida, T.S. and T. Yamada



νν
ecR ecR

HuHu

ζ ζ

Ω− Ω−

HdHd

ν ′cR ν ′cR

3-loop model

1-loop，2-loopが描けないので，
3-loopが支配的な寄与

SUSY version of the AKS-
model

L(Nc) =1(RHN is anti-lepton)

                        is forbidden 
by Lepton number

S. Kanemura, N. Machida, T.S. and T. Yamada

ΛH以下では:



まとめ
ニュートリノ質量の生成機構を検証したい

type Iシーソーだと直接検証はやや難しい

type IIだと複荷電ボゾン探し

輻射シーソー模型はILCでの検証にうってつけ

輻射シーソー模型の統一理論的描像

砂漠+GUTではなく，すぐ上のスケールに沃野が広がる可
能性

SUSY SU(2)H模型には材料が綺麗に埋めこまれている
→より基本的な理論の候補


