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Introduction

 ニュートリノ質量の生成メカニズム

ⅰ）Canonical   seesaw   model

L =
fij

Λ
(Lφ)T (Lφ) (1)

109GeV < Λ

1

実験で観測不可能！

ニュートリノ質量は他の３セクターより
かなり軽い！

(T. Yanagida, proc. of the Workshop)



●新粒子にZ２ parity odd 課す

Ma model.... Extra  higgs １個と経済的

ⅰⅰ）loop   seesaw   model

●　Extra  higgsを導入しloop-levelで
Neutrinoを生成する機構！

＊ 実験で観測可能

SUSYに拡張する事無く暗黒物質の議論が可能！

hep-ph/0601225;E.Ma

A.Zee,Phy.lett.(1980)

;M.Krauss,S.Nasri,M,Trodden
hep-ph/0210389



　 　TexturesとPredictions

charged-lepton sector
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●

hep-ph/0302196;J.Kubo,Mondragon...

パラメータ数
real part

...6個 
imaginary  part

...1個

●D６(Dihedral  Group)対称
性をフレーバー対称性として
使い質量行列を制限する事が

出来る。



inverted hierarchy
maxmal mixing
m　=0.038~0.067eV
|U   |~0.0034<0.2
ν2

e3

●
●

●
●

<mee>=0.038~0.067eV●

予言



暗黒物質
について



n
eμ

γ

η(±)

　　　　　　    からの制限

and
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√
2εe = me/mµ !

√
2 sin θ13 ! 0.0048). (62)

The inert Higgs fields η±, ηS and the Yukawa matrices Y ν ’s are defined in (12) and (4),

respectively.

µ en

η(±)

γ

FIG. 3: One-loop diagram for µ → eγ.

Using the Yukawa interaction term (58), we then compute the branching fraction of

µ → eγ from fig. 3, and find

B(µ → eγ) =
3α

64πG2
F

X4 !
∣

∣X2900 GeV2
∣

∣

2
, (63)

where
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h4h2√
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me
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, (64)

and

F2(x) =
1 − 6x + 3x2 + 2x3 − 6x2 ln x

6(1 − x)4
. (65)

(m± and mS are the masses of η± and ηS, respectively, which are defined in (12).) We recall

that M1 = M2 because of the D6 symmetry. As we see the third term of (64) contains a

suppression factor me/mµ. There is no suppression factor like me/mµ for the first two terms
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この場合、Right handed neutrino 
が暗黒物質になる。

ηは荷電粒子しか飛ばな
いから、CDMにはなれ
ない。ループでnI,nsと
ηI,ηsがそれぞれ飛ぶ。
つまり６種類。

※離散群の要請からnIの質量は同じ！！



●nIが暗黒物質候補の時

fine tuningが
必要！！

●nsが暗黒物質候補の時

ηsはeLとしか主にカップルしないので、
非常にクリーンな反応がLHC
で確認できる(もしあれば...)。



(例)
ms>O(300)GeV,F2~1/12,h3~0.93
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Using the Yukawa interaction term (58), we then compute the branching fraction of

µ → eγ from fig. 3, and find
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(m± and mS are the masses of η± and ηS, respectively, which are defined in (12).) We recall

that M1 = M2 because of the D6 symmetry. As we see the third term of (64) contains a

suppression factor me/mµ. There is no suppression factor like me/mµ for the first two terms
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      宇宙論の立場から暗黒物質を解析する。　

今はnsの特徴を調べる事になる。

●　nsの annihilation  diagram

V. COLD DARK MATTER

Here we would like to investigate whether or nor nS can be a good CDM candidate. For

simplicity we assume that mS ! mR
S ! mI

S >> mRI
S (which are defined in (13)), that is,

the breaking of U(1)′L by the VEV (11) is small (which is needed to obtain small neutrino

masses). To obtain a thermally averaged cross section for the annihilation of two nS’s, we

+

nS eL, ντ

nS ēL, ν̄τ

eL, ντ

ēL, ν̄τ

nS

nS

ηS ηS

FIG. 4: Annihilation diagram of nS.

compute the relativistic cross section σ from fig. 4 and expand it in powers of the relative

velocity v of incoming nS [31]. Note that the η± exchange diagrams are suppressed, which

one sees from the Yukawa matrices (60) and (61). Lepton number violating diagrams being

proportional to ∆m2
a in (16) are also very small. So they are annihilated mostly into an

e+ − e− pair and a ντ − ν̄τ pair.

Using the result of ref. [31], we find in the limit of the vanishing lepton masses

σv = a + bv2 + · · · , a = 0, b =
|h3|4r2(1 − 2r + 2r2)

24πM2
S

, (69)

r = M2
S/(m2

S + M2
S). (70)

Then we can compute the relic density of nS from [32]

Ωdh
2 =

Y∞s0MS

ρc/h2
with Y −1

∞ = 0.264g1/2
∗ MplMS(3b/x2

f ), (71)

where Y∞ is the asymptotic value of the ratio nnS
/s, s0 = 2970/cm3 is the entropy density at

present, ρc = 3H2/8πG = 1.05×10−5h2 GeV/cm3 is the critical density, h is the dimension-

less Hubble parameter, Mpl = 1.22 × 1019 GeV is the Planck energy, and g∗ is the number

of the effectively massless degrees of freedom at the freeze-out temperature. Further, xf is

the ratio MS/T at the freeze-out temperature and is given by [32]

xf = ln
0.0764Mpl(6b/xf )c(2 + c)MS

(g∗xf )1/2
. (72)
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K. Griest, Phys. Rev.D38, 2357
(1988)

K. Griest, M. Kamiokande and 
M.S. Turner,  Phys. Rev.D41, 

3565(1990)



Using g1/2
∗ = 10 and c = 1/2 [32] we obtain

MS

GeV
= 5.86 × 10−8x−1/2

f (exp xf)

[

Ωdh2

0.12

]

, (73)

b

GeV2 = 2.44 × 10−11x2
f

[

0.12

Ωdh2

]

, (74)

where b is given in (69).
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FIG. 5: MS versus mS for |h3| = 1.3 and Ωdh2 = 0.13(dot-dashed), 0.12(solid) and 0.11(dashed). MS and

mS denote the masses of the CDM nS and the D6 singlet neutral Higgs, respectively.

Since b/|h3|4 is a function of MS and mS, eqs. (73) and (74) give MS and mS in unit

of GeV for a given set of |h3|2, xf and Ωdh2. In fig. 5, MS against mS is plotted for

Ωdh2 = 0.13(dot-dashed), 0.12(solid) and 0.11(dashed) [2], where |h3| is fixed at 1.3. We see

from the figure that the dark matter mass MS and the D6 singlet Higgs mass mS should be

closely related with each other to obtain an observed relic density of dark matter. We plot

in fig. 6, MS against mS for y = 0.3, 0.5, 0.7, 1.0. As we can see also from the figure, the

dark matter constraint requires that the dark matter mass MS increases as the Higgs mass

mS increases and reaches at its maximal value mS at a certain value of mS . We see that

mS can not exceed ∼ 750 GeV for the perturbative regime |h3| ≤ 1.5. Therefore, it is by

no means trivial to satisfy the µ → eγ constraint. In fig. 7 we present the allowed region

in the mS − MS plane, in which Ωdh2 = 0.12 and B(µ → eγ) < 1.2 × 10−11 are satisfied,

where we assume |h3| < 1.5 and only the last term in X2 of (64) contributes to µ → eγ. If

we allow larger |h3|, then the region expands to larger mS and MS, and for |h3| <∼ 0.8 there
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Ωdh =0.13２

Ωdh =0.12
Ωdh =0.11

２

２

Msとmsとの関係

Using g1/2
∗ = 10 and c = 1/2 [32] we obtain
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FIG. 5: MS versus mS for |h3| = 1.3 and Ωdh2 = 0.13(dot-dashed), 0.12(solid) and 0.11(dashed). MS and

mS denote the masses of the CDM nS and the D6 singlet neutral Higgs, respectively.
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Ωdh2 = 0.13(dot-dashed), 0.12(solid) and 0.11(dashed) [2], where |h3| is fixed at 1.3. We see

from the figure that the dark matter mass MS and the D6 singlet Higgs mass mS should be

closely related with each other to obtain an observed relic density of dark matter. We plot

in fig. 6, MS against mS for y = 0.3, 0.5, 0.7, 1.0. As we can see also from the figure, the

dark matter constraint requires that the dark matter mass MS increases as the Higgs mass

mS increases and reaches at its maximal value mS at a certain value of mS . We see that

mS can not exceed ∼ 750 GeV for the perturbative regime |h3| ≤ 1.5. Therefore, it is by

no means trivial to satisfy the µ → eγ constraint. In fig. 7 we present the allowed region

in the mS − MS plane, in which Ωdh2 = 0.12 and B(µ → eγ) < 1.2 × 10−11 are satisfied,

where we assume |h3| < 1.5 and only the last term in X2 of (64) contributes to µ → eγ. If

we allow larger |h3|, then the region expands to larger mS and MS, and for |h3| <∼ 0.8 there
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ms...ηの質量
Ms...nsの質量
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~300GeV
Ωdh =0.12２  B(μ　e,γ)<1.2×10^(-11)

(μ　　e,γとCDM両方を考慮したグラフ)

~750GeV

~750GeV

|h３|<1.5



     　

●　Predictive なニュートリノ質量行列を維
持しつつ、暗黒物質について議論した。

●　μ　　e,γの計算と宇宙論から来る制限
を考慮すると、

暗黒物質候補　ns...
             　 　 ηs...

230GeV<Ns<750GeV
300GeV<Ns<750GeV

結果

●非常にクリーンな反応が
　　　　　　　　　見られることが期待される。

まとめ


