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標準模型のほころび
有限の小さなニュートリノ質量

ニュートリノ振動の観測 質量2乗差と混合角の測定 2

parameter bf±1σ 1σ acc. 2σ range 3σ range

∆m2
21 [10−5eV2] 7.9 ± 0.3 4% 7.3 − 8.5 7.1 − 8.9

|∆m2
31| [10

−3eV2] 2.5+0.20
−0.25 10% 2.1 − 3.0 1.9 − 3.2

sin2 θ12 0.30+0.02
−0.03 9% 0.26 − 0.36 0.24 − 0.40

sin2 θ23 0.50+0.08
−0.07 16% 0.38 − 0.64 0.34 − 0.68

sin2 θ13 − − ≤ 0.025 ≤ 0.041

TABLE I: Best fit values (bf), 1σ errors, relative accuracies at 1σ, and 2σ and 3σ allowed ranges of three-flavor
neutrino oscillation parameters from a combined analysis of global data.
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FIG. 1: Determination of the leading oscillation parameters from an interplay of experiments with natural and
artificial neutrino sources (left and middle panels). In the right panel the allowed regions are shown with (colored
regions) and without (contour curves) MINOS data. In the left and middle panels the allowed regions are shown at
90% CL (dashed curves) and 99.73% CL (solid curves and shaded regions), whereas in the right panel regions are
shown at 90%, 95%, 99%, and 99.73% CL.

Also In this case, by now we have an independent
confirmation of the effect by experiments based on
man-made neutrinos, namely the first generation of
long-baseline (LBL) accelerator experiments explor-
ing the νµ disappearance oscillation channel. In the
K2K experiment [8] the neutrino beam is produced
at the KEK proton synchrotron, and originally con-
sists of 98% muon neutrinos with a mean energy of
1.3 GeV. The νµ content of the beam is observed at
the SK detector at a distance of 250 km. For the
K2K-I and K2K-II data (0.89 × 1020 p.o.t. in total)
107 events have been detected, whereas 151+12

−10 have
been expected for no oscillations.

Recently first data (0.93 × 1020 p.o.t.) from the
MINOS experiment have been released [9]. A neu-
trino beam with 98.5% (νµ + ν̄µ) and a mean en-
ergy of 3 GeV is produced at Fermilab and observed
at the MINOS detector in the Soudan mine at a
distance of 735 km. In the absence of oscillations
177 ± 11 νµ events with E < 10 GeV are expected,
whereas 92 have been observed, which provides a
5.0σ evidence for disappearance. In our re-analysis
we use spectral data divided into 15 bins in recon-
structed neutrino energy, and our allowed region
from MINOS-only is in very good agreement with
the official result [9]. The values of the oscillation pa-
rameters from MINOS are consistent with the ones
from K2K, as well as from SK atmospheric data.

The impact of the data from MINOS in the global
analysis is illustrated in Fig. 1 (right). We find that
the best fit point for ∆m2

31 is shifted upward from
2.2×10−3 eV2 for SK+K2K to 2.5×10−3 eV2. In ad-
dition MINOS improves the lower bound on ∆m2

31,
which is increased from 1.4×10−3 eV2 for SK+K2K
to 1.9 × 10−3 eV2 at 3σ. The relative accuracy on
∆m2

31 at 1σ is improved from 14% to 10%. As obvi-
ous from the middle panel of Fig. 1 the determina-
tion of θ23 is completely dominated by atmospheric
data and there is no change due to MINOS. Let us
add that present data cannot distinguish between
∆m2

31 > 0 and < 0, and hence, both, the normal and
inverted neutrino mass hierarchies provide equally
good fits to the data.

III. THE BOUND ON θ13

Similar to the case of the leading oscillation pa-
rameters, also the bound on θ13 emerges from an
interplay of different data sets, as we illustrate in
Fig. 2. An important contribution to the bound
comes, of course, from the CHOOZ reactor exper-
iment combined with the determination of ∆m2

31

from atmospheric and LBL experiments. However,
due to a complementarity of low and high energy so-
lar data, as well as solar and KamLAND data also

T. Schwetz,Phys.Scripta T127:1 
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標準模型のほころび
ダークマターの候補がない

宇宙のバリオン数

2次発散の問題

http://edelweiss.in2p3.fr/

∼ λΛ2

ηB = (6.21± 0.16)× 10−10

その他の怪しげな現象達
muon g-2 PAMELA等の宇宙線観測
DAMA,GoGENT,CDMS II etc

Br(B → τν)

Br(Ds → τν) AFB of t̄t

等々

http://edelweiss.in2p3.fr
http://edelweiss.in2p3.fr


ニュートリノ質量生成機構
有名なのは(Type I)シーソー模型

他の可能性はないか?
この模型は非常によく調べられている

重い右巻きニュートリノを導入
Integrated out

MR

YN YN

νRνRνL νL
mν = �H�2YT

NM
−1
R YN

右巻きニュートリノ質量によって強く抑制

他のtypeのシーソー
(新粒子の重い質量で

抑制)

余剰次元を
利用

輻射補正による
質量生成(輻射
シーソー模型)

この模型に注目する



SUSY Zee-Babu model



輻射シーソー模型
Loopファクター + 新粒子の質量による抑制

Extra scalars are introduced
これらはレプトンセクターと結合する

具体的な模型の例:
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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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Zee-Babu Model
うまく機能するシンプルな模型

gkl

eRk eRl eLleLkνLi νLj

fik fjl

µB

ω−
κ−− ω−

2つの新しいスカラー

(mν)ij =
8µB

(16π2)2
fikmekgklmelfjlI(m

2
ω,m2

κ) Loop function
gij = gji fij = −fij

det(mν) = 0 予言:最も軽い質量は0

mω = O(100)GeV
mκ = O(100)GeV

µB = O(100)GeV
fij = O(0.1) gij = O(0.1)

データを説明する質量を生成可能

A.Zee NPB264,99; K.S. Babu PLB203,132

SU(2) U(1) U(1)L
ω− 1 −1 2
κ−− 1 −2 2



Super Zee-Babu Model

DMの候補がいない

2次発散問題

Baryogenesis

SUSYはこれらのいく
つかを解決

Zee-Babu模型でニュートリノ質量生成は説明可だが...

R-parityを考えればLSPがDMの候補
SUSYでは2次発散が打ち消しあう
SUSY模型にはたくさんのCP位相がある

加速器現象論としてもSUSY Zee-Babu模型は面白い

e.g.:doubly charged scalar, doubly charged fermion ...



Super Zee-Babu Model
Extra Fields:

Soft Breaking terms:
L=Lsoft −M2

+ω
−
aω

+
a −M2

−ω
−
bω

+
b −M2

−−κ
++
a κ−−

a −M2
++κ

++
a κ−−

b

−(Aω)ijω+
a l̃Li · l̃Lj − (Aκ)

ijκ−−
a ẽ∗Riẽ

∗
Rj −Aaκ

−−
a ω+

aω
+
a −Abκ

++
b ω−

bω
−
b

−Bωmω̃ω+
aω

−
b − Bκmκ̃κ

−−
a κ++

b

Super potential: W =WMSSM + fijLi · LjΩ+
a + gijE

c
iE

c
jK

−−
a

+λaK
−−
a Ω+

aΩ
+
a + λbK

++
b Ω−

bΩ
−
b

+mω̃Ω+
aΩ

−
b +mκ̃K

−−
a K++

b

アノマリーを消す& fermion massを得るためペアで導入

Aoki, Kanemura,T.S., and Yagyu, JHEP1007,084 

spin 0 spin 1/2 SU(2) U(1)
Ω+

a ω+
a ω̃+

a 1 1
Ω−

b ω−
b ω̃−

b 1 −1
K−−
a κ−−

a κ̃−−
a 1 −2

K++
b κ++

b κ̃++
b 1 2

Most general Lagrangian



ニュートリノ質量
ニュートリノ質量行列は次で生成

gkl

eRk eRl eLleLkνLi νLj

fik fjl

µB

ω−
κ−− ω−

νLi

νLi

νLj

νLj

eLleRl
gkl

fjl

fjl

fik

fik

λa

ω−
κ−−

ẽLk ẽRk

ẽLk ẽRk

ω̃−

ω̃−

mSg̃kl

ẽLlẽRl

(mν)ij =
1

(16π2)2
fikmekHklmelfjl

カップリングやloop function
で決まる対称行列

(I)の寄与が支配的mω,mκ,mω̃,mκ̃ � mS

(I) (II)

(III) λa



Lepton Flavour 
Violation



LFV in MSSM
�i → �j + γ �+i → �−j �

+
k �

+
lおよび を考える

MSSMではLFVのソースはsleptonのフレイバー混合

µ e

γ

ν̃µ ν̃e

χ̃±

(∆m2
LL)µ̃ẽ

µ e

γ

µ̃ ẽ

χ̃0

(∆m2)µ̃ẽ 例: SUSY type I seesaw模型
ニュートリノ湯川がRGEを通じてス
レプトンのLL混合に寄与する
(∆m2

LL)ij � −
1

8π2
(y†

NyN)ij(3+ |A0|
2)m2

0 ln
MP

MN

但し，湯川とニュートリノ
質量行列との相関は弱い

(yN)ij ∝
�

MiRik
√
mk(U

†
PMNS)kj

余分なパラメータ(                              )Casas and Ibarra, NBP618,171



LFV in MSSM
�+i → �−j �

+
k �

+
l は抑制される傾向

µ+

e+

e−

e+γ

µ+ e+

e+
e−

µ → eγと同じop.

Hisano et al.,PRD53,2442
B(�+i → �−j �

+
j �

+
j )

B(�i → �jγ)
� α

8π

�
16

3
ln

m�i

2m�j

−
14

9

�

B(µ → eee) � 10−13 B(τ → µµµ) � 10−10 ...
が期待される

現在の制限: B(τ → µµµ) < 3.2× 10−8B(µ → eee) < 1.0× 10−12

逆転する場合も考えることは可能



LFV in SUSY Zee-Babu model
Zee-Babu模型ではtreeのLFV過程が存在

e

e

e

µ

κ−−

g11

g12

g11g12が充分に小さい必要

mκが非常に重い
もしくは

同様に
B(τ+ → µ−µ+µ+) ∝ |g32g22|

2/m4
κ

B(τ+ → e−µ+µ+) ∝ |g31g22|
2/m4

κ

B(τ+ → e−e+e+) ∝ |g31g11|
2/m4

κ

B(τ+ → µ−e+e+) ∝ |g32g11|
2/m4

κ 等が自然に大きくなり得る

gijの構造とニュートリノ質量行列に相関さらに

B(µ → eee) ∝ |g11g12|
2m4

W/m4
κ



LFV in SUSY Zee-Babu model
µ → e+ γへの模型特有の寄与も大きい

µ e

γ

µ e

γ

µ e

γ

µ e

γ

ω

ω̃

κ̃

ν̃∗
L

κ

が自然に大きくなるµ → e+ γ MEGで見つかるかも

MSSM的な寄与に
加えて，これらの
寄与が存在するτc

τ̃∗R

B(µ → eγ) ∝ |f13f23|
2

f13f23

νc
τ

ニュートリノ混合を正しく導くためにnon-zero fijが必要

たとえMSSM的寄与がなくてもLFVが出る



LFVの例
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混合角と質量2乗差は3σの範囲を考慮

mω = 800GeV
mκ = 600GeV mκ̃ = 300GeV

mω̃ = 800GeV µB = 800GeV
g22 = 0.3

mẽRi � 110GeVmν̃Li � mẽLi � 1000GeV

Aoki, Kanemura, TS, Yagyu, in preparation

Preliminary

Normal Hierarchy neutrinoの場合



その他のプロセス
mω = 800GeV
mκ = 600GeV mκ̃ = 300GeV

mω̃ = 800GeV µB = 800GeV
g22 = 0.3

mẽRi � 110GeVmν̃Li � mẽLi � 1000GeV

Preliminary

全部のslepton massが同じくらいだと思うと
この模型では
となる傾向がある．

B(µ → eγ) ∼ B(τ → µγ)

fij(fij=-fji)が全部同じオーダー

B(τ+ → e−e+e+) ∼ 10−14-10−8

B(τ+ → e−µ+µ+) ∼ 10−11-10−8

B(τ+ → e−e+µ+) ∼ 10−16-10−9

B(τ+ → µ−e+µ+) ∼ 10−19-10−10

B(τ → µγ) ∼ 10−12-10−10
B(τ → eγ) ∼ 10−14-10−9
B(τ+ → µ−µ+µ+) ∼ 10−8



Collider 
Phenomenology



リファレンスポイント
doubly charged粒子達が軽い状況を考える

gµµ = −0.13, gµτ = 6.1× 10−3, gττ = −4.6× 10−4

gee,geµ,geτ ∼ 10−7

2feµ = 2feτ = fµτ = 7.4× 10−2,

mκ = 300GeV, mκ̃ = 200GeV

mω = mω̃ = 600GeV

SUSY Zee-Babuの特徴はdoubly charged singletの存在

mχ̃0 = 100GeV
mµ̃ = 100GeV

他のSUSY粒子は全部重い

100GeV

1TeV

B̃ µ̃

κ
κ̃

ω̃ω

その他のSUSY粒子達

DM



DMに関するコメント

我々の模型では，R-parityを課して，Bino like
ニュートラリーノがダークマターと仮定．

このシナリオではBinoとsleptonが縮退すれば残存
量を説明できる．

m
B̃
� 100GeV + m

�̃
� 110GeV ⇒ Ω

B̃
h2 � 0.11

B̃0 B̃0

B̃0
�̃

�̃�
�

�

�

DM残存量
MSSM部分のスペクトルが

ある程度決まる



LHC Phenomenology

κ̃±±
p

p

q

q̄

γ, Z

κ++

κ−−

µ−

µ−

µ+

µ+

κ

κ̃

signal

signal

q

q̄

γ,Z
κ̃++

κ̃−−

µ̃+

µ̃−

µ+

µ+

µ− µ−

χ̃0

χ̃0

same-sign muon
に注目



LHC Phenomenology

Production cross section of κProduction cross section of κ̃
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FIG. 4: Production cross sections of (a) κ++κ−− and (b) κ̃++κ̃−−, via Drell-Yan processes at

the LHC (pp) and the Tevatron (pp). The production cross section at the LHC is evaluated for
√

s = 7 TeV and
√

s = 14 TeV.

charged boson (fermion) can be observed as a same-sign dilepton event, which would be a

clear signature. In this Letter, we focus on such events including doubly charged particles.

For the benchmark point given in Eq. (??), almost all the κ decays into the same-sign muon

pair, κ±± → µ±µ±.

At hadron colliders such as the LHC and the Tevatron, the doubly charged singlet scalar

κ and the doubly charged singlino κ̃ are produced dominantly in pair through the Drell-

Yang processes. The production cross sections for κ++κ−− and κ̃++κ̃−− are shown as in

Fig. ??(a) and Fig. ??(b), respectively. The first two plots from above correspond to the

cross sections at the LHC of
√

s = 14 TeV and
√

s = 7 TeV, and the lowest one does to that

at the Tevatron of
√

s = 2 TeV. We note that magnitudes of the production cross sections

for the pair of singly-charged singlet scalars ω+ω− and that of singly-charged singlinos ω̃+ω̃−

are (1/4) smaller than those for κ++κ−− and κ̃++κ̃−− for the common mass for produced

particles. The direct search of doubly charged Higgs bosons at the Tevatron gives the lower

bound on the mass assuming large branching ratio decaying to muon pairs as mκ ! 150 GeV

[? ]. Such a bound on the mass of doubly charged singlinos is partly discussed in Ref. [?

]. At the LHC with
√

s = 7 TeV with the integrated luminosity L of 1 fb−1, about 100 of

κ̃++κ̃−− pairs can be produced when mκ̃ = 200 GeV, while only a couple of the κ++κ−−

pair is expected for mκ = 300 GeV.
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on-shell

κ̃, µ̃

mκ̃ −mχ̃0 mκ

√
s = 7 TeV



LHC Phenomenology

0 100 200 300 400
M(µ−µ−) [GeV]

10-7
10-6
10-5
10-4
10-3
10-2
10-1
100
101
102
103

D
iff

. c
ro

ss
 se

ct
io

n 
 [f

b/
G

eV
] PT > 20 GeV, η < 2.5

M. Aoki, S. Kanemura, T.S. and  K. Yagyu, in preparation



ILC
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Summary

ニュートリノ質量の模型として2-loopで質量を生成
する模型(Zee-Babu模型)を考え，それをSUSY化した

SUSY Zee-Babu模型でのLFVはSUSY seesaw模型とは異
なる特徴をもつ．

例:             が大きくなる傾向

doubly charged particleが含まれるため，コライダー
での現象論も面白い

全てがTeVスケールで決まるので，testableである

� → ���


