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☆Higgs potential:

NH, M.Hirotsu Eur. Phys. J. C69, 481 (2010).
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☆ Higgs potential

�φν� � �φ�

N.Haba, M.Hirotsu,
Eur.Phys.J. C69, 481 (2010)

どうすれば　　　が小さな真空期待値を持てるか？φν

large       & tiny m2
3m2

φν

“see-saw”

fields Z2-charge

SM fields (SM Higgs: Φ) ＋ 

νR: N ー

νHiggs doublet: Φν ー

☆ Z2 sym. (which distinguishes Φν from Φ )

☆Yukawa interactions:

LYukawa = yuQ!U + ydQ!D + yeL!E + y"L!"N

+MNcN
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wanted vacuum is 

　　〈Φ〉~100 GeV ≫ 〈Φν〉~0.1 eV/yν (Dirac) or 0.1 MeV/yν (Majorana)

E. Ma (2001, 2006), E. Ma and M. Raidal 

(2001), N. H. and K. Tsumura (2010), 
N. H. and O. Seto (2010)

F. Wang, W. Wang and J. M. Yang (2006), 

S. Gabriel and S. Nandi (2007), G. Marshall, 
M. McCaskey, M. Sher (2010), S. M. 

Davidson and H. E. Logan (2009, 2010),

NH, M.Hirotsu Eur. Phys. J. C69, 481 (2010).

with       symmetryZ2

(　　と　　を区別)φν φ

soft        symmetry breaking mass parameterZ2

ニュートリノの謎:
なぜニュートリノだけ他の物質粒子と比べてすごく軽い?

mνe/me
<∼ 10−5, . . .e.g)

が小さければ解決

この謎を解決しようとする試みはたくさんある:

ニュートリノのタイプ
mν ∼ yν�φ� yν

mν ∼ y2
ν
�φ��φ�

M
M

もう1つ、違う可能性もある:　　　　　　　　　　　　           が小さければ解決

with “neutrinophilic Higgs doublet model”�φν� ∼ 0.1 eV

☆ ν = Dirac粒子:

☆ ν= Majorana粒子:

(νHDM )

☆ minimal SU(5) GUT
・正確なGCUを実現するために 
(      threshold correction,                                  )

・陽子崩壊の回避

これらを両立するのは難しい・・・

GeV
GeV

mT ∼ 5× 1014
mT > 2× 1016

T T : color triplet Higgs

陽子崩壊を回避

☆ SUSY neutrinophilic Higgs GUT

(e.g.)

τ(p→ K+ν̄e) >∼ 1033 (years)

Q

Q Q
Q̃

L̃
L

W̃ , Z̃, B̃T̃

mT > 2× 1016 GeV

陽子崩壊と無関係なtriplet Higgs

しかし、　　　は　　　のrunningには寄与αs

正確なGCUの実現

Tν

mTν ∼ 5× 1014 GeV

これらの両立が可能！

・小さなニュートリノ質量の起源は、ニュートリノとだけ相互作用する　　　の小さなVEV

SUSY SU(5) GUT with neutrinophilic Higgs

νHDM

・GCUと陽子崩壊の抑制の両立は、　　　がGUTスケール以下にあることで実現

φν

Tν

・フレーバーの破れが、直接ニュートリノ混合と関係 ⇨ 予言能力が高い

・                        ~ 0.1 eVの起源は、     　~ GUT と        ~ SUSYスケールMφν
m3mν/yν = �φν�

Br(b→ sγ)− Br(µ→ eγ)☆

θ13 が大きいと、　　　　　　からの制限が強くなるµ→ eγ

Li Lj

Nk

fνkVDki fνkVDkj

Nk

fνkVDki fνkVDkj

Di Dj

MP

MTν

GUT スケール以下ニュートリノ混合と直接関係する

sleptonとdown type squarkの、フレーバー非対角な成分

(δm2
L)ij � −

f2
νk

8π2
(V ∗

D)ki(VD)kj(3m2
0 + a2

0) log (δm2
D)ij � −

f2
νk

8π2
(V ∗

D)ki(VD)kj(3m2
0 + a2

0) log

⇨ 予言能力が高い！

☆ SUSY SU(5) GUT embedded νHDM
3つの特徴的なエネルギースケールが手がかり

TeV2 ∼ mν ×MGUT

Energy

1016 GeVTeV0.1 eV

偶然？　　or　　新しい物理の手がかり？
ポジティブな立場で

mν ∼ TeV2/MGUT

�Hν(�)� ∼ ρ
(�)�Hu(d)�/M

SUSY
ダイナミカルに実現 ⇨

N.Haba, Europhys.Lett., 96 (2011) 21001

SU(5) GUT

non-renormalizable term contributions
(e.g. Giudice-Masiero mech.)

(similar model: R.Kitano, PLB539, 102 (2002))

and       can be SUSY scaleρ ρ�

Wh = µHuHd + MHνHν� + ρHuHν� + ρ
�
HνHd

WGUT
h = 5Σ5̄−M155̄ + 5νΣ5̄ν� −M25ν 5̄ν�

+ M0trΣ2 + λtrΣ3

M ∼MGUT

µ, ρ, ρ�
∼ O(1) TeV

☆ Higgs sector

☆ matter sector
W =

1
4
fuij 10i10jH +

√
2fdij 10i5̄jH̄ + fνij 1i5̄jΦν

in MSSM fields

(     :　　　を対角化)VD

5̄ = {(VD)ijD̄j , (VD)ijLj}

10 = {Qi, Ui, (VKM )ijĒj}

1 = {N̄i}

mν

Φν = {Tν , Hν}

H = {T, Hu}

H̄ = {T̄ , Hd}

matter Higgs

W = fuiQiU iHu + (V ∗
KM)ijfdj QiDjHd + fdiEiLiHd − fνiVDijN iLjHν

+ fuj (VKM)jiEiU jT −
1
2
fuiQiQiT

+ (V ∗
KM)ijfdj U iDj T̄ − (V ∗

KM)ijfdj QiLj T̄ + fνiVDijN iDjTν

W = fuiQiU iHu + (V ∗
KM)ijfdj QiDjHd + fdiEiLiHd − fνiVDijN iLjHν

+ fuj (VKM)jiEiU jT −
1
2
fuiQiQiT

+ (V ∗
KM)ijfdj U iDj T̄ − (V ∗

KM)ijfdj QiLj T̄ + fνiVDijN iDjTν

W = fuiQiU iHu + (V ∗
KM)ijfdj QiDjHd + fdiEiLiHd − fνiVDijN iLjHν

+ fuj (VKM)jiEiU jT −
1
2
fuiQiQiT

+ (V ∗
KM)ijfdj U iDj T̄ − (V ∗

KM)ijfdj QiLj T̄ + fνiVDijN iDjTν

Hν Tν

が大きければ解決

mν ∼ yν�φ� �φ�

mν ∼ yν�φν�
ニュートリノとだけ相互作用するスカラー粒子

Hν

∼ O(1) TeV

∼ O(1) TeV

∼MGUT
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in the quark sector through the large flavor mixings
in the neutrino sector. And, even if the mass ma-
trix of the right-handed neutrinos is diagonal, mag-
nitudes of δm2

L̃
and δm2

D̃
in the SU(5)Hν model are

different from those in SU(5)RN model. For exam-
ple, Eq.(IV.4) can be a few percent smaller than that
in SU(5)Hν model due to their log factors. The mag-
nitude of the log factor is log MP

M ′
<∼ log MP

M ′′ , since M ′

must be larger than the GUT scale for the proton
stability and M ′′ must be of O(1014) GeV for the
accurate gauge coupling unification.

Let us show results of numerical analyses in µ →
eγ, τ → µγ, and b → sγ processes. Figures 1 and 2
show correlations between branching ratios of B(b →
sγ) and B(µ → eγ) with tanβ = 10 and A0 = 0. In
Fig.1, m1/2 is varied from 500 GeV to 800 GeV by
100 GeV. As for Fig.2, m1/2 is varid from 500 GeV
to 1000 GeV by 100 GeV. m0 is varied from 200 GeV
to 1200 GeV by 100 GeV for each line. Here, the
Higgs mass, calclated by FeynHiggs [28–31], is varied
around 118 GeV which is not excluded by ATLAS [32]
and CMS [33]. In Figs. 1 and 2, sin2 2θ13 is taken by 0
and 0.01, respectively. We consider that spectrum of
neutrinos is hierarchical, and the ντ -Yukawa coupling
is of O(1). The current upper bound on B(µ → eγ)
is 2.4 × 10−12 by the MEG experiment [34]. Figure
2 shows that large θ13 is restricted in µ → eγ. In
this parameter region, B(b → sγ) does not change
drastically because m1/2-dependence is larger than
m0-dependence.

Figures 3 and 4 show correlations between B(b →
sγ) and B(τ → µγ), which parameters are the same
as Figs.1 and 2, respectively. B(τ → µγ) does not
reach the experimental upper bound in this param-
eter region. (The experimental upper bound for
B(τ → µγ) is 4.4 × 10−8 by BABAR experiment
[35].) Note that a ratio of B(τ → µγ)/B(µ → eγ)
depends largely on θ13, where other neutrino oscilla-

tion parameters are fixed. When θ13 becomes large,
B(τ → µγ)/B(µ → eγ) closes to 10. This behavior is
consistent with Ref. [23].

We do not consider τ → eγ process because the
experimental upper bound for B(τ → eγ) is 3.3×10−8

[35] which is the same order as B(τ → µγ). Ratio
of B(τ → eγ)/B(τ → µγ) is roughly proportional
to (VD)231/(VD)232 < 1. Hence, B(τ → µγ) is more
stringent constraint than B(τ → eγ).

!"#$

!"!%

!"!$

!"&%

!"&$

!"$%

!"$$

!"'%

(%)(! (%)(# (%)((

*+
,-
!
-.
-"
/0
(%

&

*+!-!-1"/

.23#-##(!4% (tanβ = 10, A0 = 0)

m0 = 1200

m0 = 200
m0 = 200

m0 = 1200

m0 = 200

m0 = 1200

m1/2 = 700

m1/2 = 600

m1/2 = 500

B(µ → eγ)exp. < 2.4 × 10−12
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FIG. 1. Contour plot of B(b → sγ) and B(µ → eγ) with
sin2 2θ13 = 0. Here, we take 200GeV ≤ m0 ≤ 1200GeV,
500GeV ≤ m1/2 ≤ 800GeV, A0 = 0, and tan β = 10. Experi-

mental upper bound for B(µ → eγ) is 2.4 × 10−12.
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B(µ → eγ)exp. < 2.4 × 10−12

(tanβ = 10, A0 = 0)
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FIG. 2. Contour plot of B(b → sγ) and B(µ → eγ) with
sin2 2θ13 = 0.01. We take 500GeV ≤ m1/2 ≤ 1000GeV. Other
parameters are the same as in Fig. 1.
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sin2 2θ13 = 0.01. We take 500GeV ≤ m1/2 ≤ 1000GeV. Other
parameters are the same as in Fig. 1.
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